REMARKS 



In a non-final Office Action with a mailing date of May 23, 2006, the Examiner 
acknowledges that claims 3-9 and 16-21 were pending in the application, and that claims 
3-9 and 16-21 are rejected. Applicants now respond to this Office Action and 
respectfully request that the Examiner, in consideration of the claim amendments and 
remarks included herein, place claims 3-9 and 16-21 in condition for allowance. 
Claims 16-17 Rejected Under 35 U,S,C. S 112. Second Paragraph 

Claims 16 and 17 stand rejected under 35 U.S.C. § 1 12, second paragraph, as 
being indefinite for failing to particularly point out and distinctly claim the subject matter 
which applicants regard as the invention. AppHcants have amended claims 16 and 17 so 
as to more clearly recite their relationship to the claims from which they depend. 

AppHcants' respectfully request that claims 16 and 17 be entered into the record 
and found in condition for allowance. 

Claims 5, 8-9, and 18-21 Rejected Under 35 U,S.C, S 112, First Paragraph 

Claims 5, 8-9 and 18-21 stand rejected under 35 U.S.C. § 1 12, first paragraph, for 
lack of enablement. The Office Action cites to in re Wands and a listing of Wands 
factors used to gauge the enablement of the given disclosure. 

1 . The Office Action states, in part that, '"Nature of the invention: The 
invention relates to genetically engineering the somatic stem cells with retroviral vectors 
and engrafting or ex vivo therapy with said engineered cells". Office Action, page 3. 
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2. The Office Action states, in part, that, "The specification does not present 
enabled evidences for broad claims on methods of engraftment of any type of cells (i.e. 
xenotransplantations, etc.) to other than non-human mammals". Id, at 4. 

3 . The Office Action states, in part, that the level of ordinary skill in the art 
is, "high requiring an advanced degree or training in the relevant field". Id. 

4. The Office Action states, in part, that, "At about the effective filing date of 
the present application [the] art is unpredictable with regard to gene therapy and methods 
of in vivo gene transfers". Id. In support of this position the Office Action cites a review 
by Goncalves et a/., Bioessavs. 2005, 27:506-517). Id, 

5. The Office Action concludes that, "These claims are not enabled because 
one of skill in the art would not be able to rely upon the state of the art in order to 
successfully predict a priori the in vivo all the effects of the retroviral vectors or the 
retroviral-transduction of transgene or its fragments in a subject". Id. at 5. 

Applicants respectfully disagree with this assessment of the enabling disclosure 
and the state of the art with, respect to ex vivo treatment of human disease at the time that 
the instant application was filed. As acknowledged in the Office Action, the level of 
proficiency of those of skill in the art in this area is extremely high. Accordingly, the 
skill possessed by those skilled in the art is also high; therefore, the disclosure of the 
application at the time of filing was sufficient to enable those skilled in the art to practice 
the invention. 

The Office Action characterizes the invention as being drawn to "engraftment or 
ex vivo gene therapy" Id, at 4. Later the Office Action states that "Gene therapy or in 
vivo gene transfers are still considered to be highly experimental area of research. . ." Id. 
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at 4. The review article cited by the Office Action is largely drawn to assessments of in 
vivo gene therapy. As illustrated by specific examples cited below in the review article by 
Goncalves et aL, drawing on a large body of results gleaned fi-om in vivo gene therapy 
trials draws an xmduly pessimistic view of the use of ex vivo therapy to treat human 
disease. 

The Applicants submit for the Examiner's consideration three scientific papers, 
all published in peer-reviewed scientific journals. These papers are included in Exhibit A 
(attached). These papers are as follows: (A) "Sustained Correction of X-Lioked Severe 
Combined hnmunodeficiency by Ex Vivo Gene Therapy", by Salima Hacein-Bey-Abina, 
et al. The New England Journal of Medicine, volume 346, April 18, 2002, p. 1 185-1 193; 
(B) "T Lymphocyte-Directed Gene Therapy for ADA SCID: Initial Trial Results After 4 
Years" by R. Michael Blaese et al. Science, vol 270, October 20, 1995, p. 475-480; (C) 
"Successfiil ex vzvo gene therapy directed to Uver in a patient with familial 
hypercholesterolaemia" by Mariann Grossman et aL, Nature Genetics, volume 6, April 
1994, p. 335-34L 

Salima Hacein-Bey-Abina et ah is directed to the use of ex vivo retrovirus 
transduction to treat x-linked severe combined immunodeficiency due to changes in the 
hxmian y (yc) chain. This paper reports on the successful treatment of four boys who 
suffered fi:om this genetic condition by use of ex vivo retroviral gene therapy. Id. at 1 190. 
The effectiveness of using ex vivo retroviral gene therapy to treat disease is summarized 
in the paper. See /J. at 1 191 . Specific portions of the Salima Hacein-Bey-Abina paper 
include descriptions of materials and methods which clearly illustrate that use of 
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retroviral transductions of human cells to treat human diseases was enabled on or about 
the time that the instant application was filed. See Also Id. at 1 1 80. 

Sill another example of the successful use of ex vivo gene therapy to treat genetic 
defects in himaans can be found in the paper to Blaese, R.M. et ah See e. g. Blaese R.M. 
et al, abstract and pg. 475. This paper states that, "This trial of retroviral-mediated gene 
transfer shows that the survival of reinfiised transduced peripheral blood T cells is 
prolonged in vivo; the erroneous assumption that T cells would not have such long-term 
survival was often cited as a potential problem with the treatment strategy." Id at 478, 
col. 2, paragraph 1. The Examiner is also invited to review the rest of Blaese for 
additional evidence that the use of ex vivo retroviral transduction to treat human disease 
was enabled in the art on or before the time when the instant application was filed. 

Applicants also wish to bring to the attention of the Examiner the Grossman, M. 
et al paper, pubUshed in April, 1984. This paper also reports on the successful use of ex 
vivo transduction of human hepatocytes to successfiilly treat a genetic liver disorder in a 
human patient. See e. g., Grossman, M., et al, the Abstract on page 335. Grossman 
states that, "In this strategy, stable reconstitution of hepatic gene expression can be 
achieved by transplanting hepatocytes transduced ex vivo with retroviruses," and also 
that, "However, there should be no immimological barriers associated with ex vivo gene 
therapy other than the problem of an immime response to the therapeutic gene product, a 
potential concern that is generic to all forms of gene therapy for deficiency states." Id. at 
339. Grossman also states that, "The outcome of the first clmical experience supports the 
safety and feasibility of ex vivo gene therapy directed to liver. Molecular and metabolic 
data suggests that the genetically-modified hepatocytes have engrafted stably in this 
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patient and continue to express the recombinant gene (after at least eighteen months)." Id. 
at 340. It is also of note that in these references cited, no host rejection of ex vivo 
transformed cells re-transplanted into the patient was observed. 

As evidenced by the above-mentioned peer reviewed articles, ex vivo gene 
therapy was successfully used to treat human diseases or conditions caused by genetic 
defects in various cell types at about the time when the application was filed. Some 
embodiments of the instant application are directed towards materials and methods for 
increasing the efficiency and safety of retroviral transductions for subsequent engraftment 
into humans. These references clearly show that ex vivo treatment of human disease was 
sufficiently advanced at the time that the instant application was filed to enable the 
practice the invention. Accordingly, the Apphcants respectfully request that all rejections 
for non-enablement be removed and the claims be placed in condition for allowance. 
Claims 3-5. 8-9 and 16-21 Rejected Under 35 U.S,C, S 102 (a) 

Claims 3-5, 8-9 and 16-21 were also rejected under 35 U.S.C. § 102 (a) as being 
anticipated by Kiem et al, (1995, Curr. Onin, Oncol 7:107-14). Kiem et al teaches that 
transduction is performed by cocultivation. Kiem et al states that "improved in vitro 
transduction was achieved by combining cocultivation and retrovirus exposure in a long- 
term marrow culture system for 4 days". See Kiem et al, pg. 108, col. 2, Ins. 26-28. In 
contrast, claims 3 and 5 of the instant application as currently amended, recite m part, 
"wherein said infection is performed without the cocultivation in the presence of 
retroviral producer cells". Accordingly, in view of the amendments made to claims 3 and 
5, the rejection of the claims as anticipated by Kiem et al. are mute and should be 
removed. 
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Additionally, there is nothing disclosed in Kiem et al that teaches or suggests 
leaving polycationic molecules out of in ex vivo retrovirus cell transduction media or 
materials. Accordingly, Kiem et al does not aaticipate nor make obvious the claims of 
the instant application and the Applicants respectfully request that all pending claims 
including amended claims be placed in condition of allowance. 
Claims 3-5, 8-9 and 16-21 Rejected under 35 U,S,C, S 103fa) 

The claims also stand rejected under as being obvious over the following 
references cited by the Examiner: Moritz et al (1994, The Journal of Clinical 
Investigation 93:1451-1457) andNolta etal (1996, Proc. Natl, Acad. Sci, USA 93:2414- 
2419) in view of Papp et al (1987 Biochim, Biophvs. Acta 925:241-247). A fair readLng 
of Papp et al shows that it only discloses that polybrene inhibits the binding of 
fibronectin to gelatin. Papp et al does not teach or suggest that polybrene has any effect 
on the binding of retroviruses to cells; furthermore it provides no motivation to test the 
effect of leaving polybrene or other polycations out of retroviral transduction media. 
Accordingly, Papp et al in combination with Moritz et al and/or Nolta et al, does not 
make obvious the Applicants' claimed invention and the Applicants respectfully request 
that this rejection be removed and that all pending claims be placed in condition for 
allowance. 
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Claims 3 and 4 Rejected Under the Judicially Created Doctrine of Nonstatutory 
IxEe 

Finally, claims 3 and 4 are rejected on the grounds of judicially created doctrine 
of obviousness-type double patenting. The Office Action rejects claims 3 and 4 under . 
this doctrine as being unpatentable over claims 2 and 19 of U.S. Patent No. 6,670,177 B2, 
and claims 20-22 of U.S. Patent No. 5,686,278. The Office Action also notes that these 
rejections could be overcome by timely filing of a terminal disclaimer. Applicants would 
entertain filing a terminal disclaimer over these two U.S. patents should all other 
rejections and objections to the pending claims be removed. 
Conclusion 

In view of the aforementioned claim amendments and remarks. Applicants 
respectfully request that all pending claims 3-9 and 16-21 in the appUcation be placed in 
condition for allowance. Action to that end is respectfully requested. 

If there are any issues in this case which could be more efficiently addressed 
telephonically, the Examiner is invited to please contact the imdersigned telephonically to 
discuss these matters. 



Respectfully submitted, 




Ukeg. No. 51, 



Emanuele 
,653 

Woodard, Emhardt, Moriarty, 

McNett & Henry LLP 
Bank One Center/Tower 
111 Monument Circle, Suite 3700 
Indianapolis, Indiana 46204-5137 
(317) 634-3456 
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EXHIBITS (Attachments) 



(A) "Sustained Correction of X-Linked Severe Combined Immunodeficiency by Ex Vivo 
Gene Therapy", by Salima Hacein-Bey-Abina, et al.. The New England Journal of 
Medicine, volume 346, AprH 1 8, 2002, p. 11 85-11 93 

(B) "T Lymphocyte-Directed Gene Therapy for ADA SCID: Initial Trial Results After 4 
Years" by R. Michael Blaese et al. Science, vol. 270, October 20, 1995, p. 475-480 

(C) "Successful ex vivo gene therapy directed to liver in a patient with familial 
hypercholesterolaemia" by Mariann Grossman et al.. Nature Genetics, volume 6, April 
1994, p. 335-341. 
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SUSTAINED CORRECTION OF X-LINKED SEVERE COMBINED 
IMMUNODEFICIENCY BY EX VIVO GENE THERAPY 



Salima Hacein-Bey-Abina, Ph.D., Franqoise Le Deist, M.D., Ph.D., Fred^rique Carlier, B.S., C^cile Bouneaud, Ph.D., 
Christophe Hue, B.S., Jean-Pierre De Villartay, Ph.D., Adrian J. Thrasher, M.D., Ph.D., Nicolas Wulffraat, M.D., 
Ricardo Sorensen, M.D., Sophie Dupuis-Girod, M.D., Alain Fischer, M,D., Ph.D., 
AND Marina Cavazzana-Calvo, M.D., Ph.D. 



Abstract 

Background X-linked severe combined immuno- 
deficiency due to a mutation in the gene encoding 
the common y(yo) chain is a lethal condition that can 
be cured by allogeneic stem-cell transplantation. We 
investigated whether infusion of autologous hemato- 
poietic stem cells that had been transduced In vitro 
with the yc gene can restore the Immune system in 
patients with severe combined immunodeficiency. 

Methods CD34+ bone marrow cells from five boys 
with X-linked severe combined immunodeficiency 
were transduced ex vivo with the use of a defective 
retroviral vector. Integration and expression of the yc 
transgene and development of lymphocyte subgroups 
and their functions were sequentially analyzed over a 
period of up to 2.5 years after gene transfer. 

Results No adverse effects resulted from the pro- 
cedure. Transduced T cells and natural killer cells ap- 
peared In the blood of four of the five patients within 
ifour months. The numbers and phenotypes of T cells, 
the repertoire of T-cell receptors, and the in vitro pro- 
liferative responses of T cells to several antigens after 
immunization were nearly normal up to two years af- 
ter treatment. Thymopoiesis was documented by the 
presence of naive T cells and T-cell antigen-receptor 
episomes and the development of a normal-sized 
thymus gland. The frequency of transduced B cells 
was low, but serum immunoglobulin levels and an- 
tibody production after immunization were sufficient 
to avoid the need for intravenous immunoglobulin. 
Correction of the immunodeficiency eradicated es- 
tablished infections and allowed patients to have a 
normal life. 

Conclusions Ex vivo gene therapy with yc can 
safely correct the immune deficiency of patients with 
X-linked severe combined immunodeficiency. (N Engl 
J Med 2002;346:1185-93.) 
Copyright ® 2002 Massachusetts Medical Society. 



DEFICIENCY of the common y (yc) chain, 
an X-linked disorder, causes the most fre- 
quent form of severe combined immuno- 
deficiency discasc.^^ The yc chain is an es- 
sential component of five cytokine receptors, ail of 
which are necessary for the development of T cells 
and natural Iciller cells. Without the yc chain, there 
is a complete absence of mature T and natural killer 
cells, whereas B cells are usually present in normal 
or increased numbers. Severe combined immunode- 
ficiency is fetal during the first year of life because of 
severe, recurrent infections, miless transplantation of 
hematopoietic stem cells restores T-cell function.^'-* 
The survival rate after transplantation of HLA-identi- 
cal hematopoietic stem cells is more than 90 percent, 
whereas with haploidentical stem cells it is 70 to 78 
percent. In most patients, deficient B-cell fimction 
persists after ti'ansplantation and requires lifelong im- 
mmie-globulin-replacement therapy/'^'S Some patients 
also have persistent deficiencies of T-cell function af- 
ter stem-cell transplantation.***^ Assessment of an al- 
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ternative therapy based on the ex vivo transfer of the 
'yc gene into autologous hematopoietic precursor cells 
was therefore warranted. In a preliminary report, we 
showed that this approach corrected the T-cell defi- 
ciency in two patients with X-linlced severe combined 
immunodeficiency who were followed for 10 months 
afiier gene transfer.^ We now report the eflFectiveness 
of the procedure in five patients with a follow-up of 
up to 30 months. 

METHODS 

Patients 

Five consecutive patients witiiout HLA-identical donors were 
enrolled in the trial between March 1999 and February 2000. 
The main characteristics of these boj's at the time of diagnosis are 
shown in Table 1. The diagnosis of X-linked severe combmed im- 
munodeficiency was based on peripheral- blood lymphocyte counts 
and confirmed by yc mutation analysis. The protocol was approved 
by the French Drug Agency and the local ethics committee, and 
written informed consent was obtained from the parents, who 
were told that an alternative treatment (bone marrow transplan- 
tation) was available. All of the patients were kept in sterile isolation 
and received nonabsorbable antibiotics and intravenous immune 
globulin. Additional information about the five patients is available 
as Supplementary Appendix 1 with the full text of this article at 
http://wwv^^nejm.org. 

Retrovirus-Mediated Transduction 

The vector containing the yz chain was derived from a defec- 
tive Moloney minrme leukemia vkus and has been previously de- 
scribed.7 With the patients under general anesthesia, 30 to 150 



ml of bone marrow was obtained, and CD34-I- cells in the marrow 
were selected for, as described below. These cells were stimulated 
to grow in X-vivo 10 medium (BioWhittaker, Walkersville, Md.) 
containing 4 percent fetal-calf serum (StemCell Technologies, Van- 
couver, B.C., Canada), 300 ng of stem-cell factor per milliliter (Am- 
gen, Thousand Oaks, Calif,), 300 ng of Flt-3 ligand per milliliter 
(Immunex, Seattie), 60 ng of interleukin-3 per milliliter (Novartis, 
Rueil-Mahnaison, France), and 100 ng of polyethylene glycol- 
conjugated megakaryocyte growth and differentiation factor per 
milliliter (Amgen). The cells were then transduced with a super- 
natant of the cultured yc-containing vector in the presence of the 
preceding cytokines and 4 ng of protamine sulfate per milliliter 
(Choay Sanofi, Gentilly, France). The procedure was carried out 
in sterile bags (Nexell Therapeutics, Irvine, Calif) that were coated 
with 50 ng of human recombinant fibronectin per milliliter (Takara 
Shuzo, Shiga, Japan). The supernatant was replaced every 24 hours 
during the three-day transduction period. The number of cultured 
ceils was increased by a factor of five to eight, and 14 million to 38 
million CD34-I- cells per kilogram of body weight were iafiised 
into the patients without preparative conditioning (Table 1). 

Analysis of Immune Reconstitution 

Immmiofluorescence analysis, assays for proliferation of periph- 
eral-blood mononuclear cells, analysis of the T-cell-receptor reper- 
toire, and studies of natural-killer-ceE c)1:otoxicity were performed 
as previously described.^-^ The presence of serum antibodies against 
polioviruses, tetanus and diphtheria toxoids, Haemophilus influen- 
zac, and Streptococcus pmumomaewz.s determined by enzj^me-linked 
immunosorbent assays. Levels of isohemagglutinuis were measured 
by a hemagglutination assay. Antibody levels were determined one 
to three months after three immunizations had been administered. 
The interval between the last intravenous infiision of immmie glob- 
ulin and the determination of antibody levels was at least three 
months. 



Table 1. Characteristics op the Patients. 



Patient Age at 
No. Treatment Cunical Status before TREAnwon- 



Engraptment 
OF Maternal 
T Cells 



Expression 



Mutation TteATMENT 



Infused Cells 
CD34+ CD34yC+ 



CLINICAL 

Status after 

Treatment Follow-up 



mo cell^mm' 

1 1 Pneumocystis caritiii pneumonitis 0 
Protracted diarrhea 
Failure to thrive 
8 Fncumocystis carinii ^ntyxmomViS <10 
Protracted diarrhea 
Graft-vcrsus-host discasc-iike 

lesions 
Failure to thrive 
10 Disseminated bacille Calmette- 
Guerin infection 
Adenovirus and respiratory syncy- 
tial virus infections in the lungs 
Protracted diarrhea 
Failure to thrive 
1 Well 0 

Free of infection 
3 Graft-versus-host discasc-Ukc 2000 
lesions 



Arg 289-->stop 
Deletion of exon 6 



Yes 



cells/leg 
15 million 



7 million- 
14 million 



No 16 million 5 million 



Well 
Normal growth 

Well 
Normal growtli 



0 Deletion of exon 4 No 14 million 5 million Improving* 



Tyr 219->stop 
Gin 285->AIa 



No 
No 



27 million 
38 million 



. 14 million 
20 million 



Well 
Normal growdi 

Well 
Normal growtli 



2.5 



2.3 



0.7 



1.8 
1.6 



*Eight months after gene therapy, Patient 3 underwent allogeneic stem-ceU transplantation. 
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Leukocyte Subgroups and Purification of CD34+ Cells 

Peripheral-blood samples were separated into mononuclear cells 
and granulocytes by centrifugation and sorted by flow cytometry 
(FACS Vantage, Becton Dickinson Immimocytometry Systems, San 
Jose, Calif.). Isolation of CD 34+ progenitor cells was performed 
by an immunomagnetic procedure (Miitenyi Biotec, Bergisch Glad- 
bach, Germany). Two successive immunomagnetic procedures in- 
creased the purity of the CD34+ population to 99 percent. 

Quantification of Transgene integration 

Genomic DNA was extracted from peripheral-blood mononu- 
clear cells and amplified with use of quantitative polymerase chain 
reaction (PCR). Amplification, data acquisition, and analysis were 
performed with the use of a sequence detector (ABI PRISM 7700, 
Perkin Ebner, Norwalk, Conn.). Two sets of primers and probes 
were used in each PCR reaction. For the quantification of integrat- 
ed transgene sequences, the primers positioned in the long termi- 
nal repeat and probe were as previously described.^'' The standard 
curve used as a reference for quantification of the viral copy num- 
ber was based on serial dilutions of a plasmid ranging from 40 to 
4 million copies. This plasmid contamed two copies of the long 
terminal repeat and one of the human albumin sequence (Gene- 
thon III Laboratory, Evry, France). 

To define the detection limit and linear range of duplex PCR, 
we used a standard curve consisting of a log-scale dilution of cells 
from an Epstein-Barr virus (EBV) -transformed B-cell line derived 
from a patient mth X-linked severe combuied immunodeficiency 
and containing approximately two copies of yc provirus per cell with 
uninfected cells from the same EBV-transformed B ceil line. The 
lower limit of sensitivity of the method was 0.01 percent of yc-pos- 
itive cells. 

Quantification of T-Ceil Antigen-Receptor Episomes 

Analysis of T-cell antigen-receptor episomes in peripheral- blood 
mononuclear cells was performed by real-time quantitative PCR 
by means of the 5' nuclease assay (TaqMan) with an ABI PRISM 
7700 system (Perkm Elmer).ii'i2 pCR conditions as well as prim- 
ers and probe sequences are available on request. 

Presence of integrated Provirus after Long-Term Culture 
of CD34+ Ceils 

Purified CD 34-1- cells were cultured for six weeks on irradiated 
MS-5 stromal feeder layers in a limiting-dilution assay (10,000 to 
150 cells per well) as described previously.^^ After six weeks, the 
cells were assayed for colony-forming miits. Subsequentiy, for each 
dilution, all colony-forming units obtained on day 14 from the 
same dish were pooled. DNA'w^s analyzed by PCR to determine 
the percentage of yc-positive dishes. 

RESULTS 

Clinical Outcome 

After inftision of CD34H- cells that had been 
transduced in vitro with tlie yc gene, four of tlie five 
patients (Patients 1, 2, 4, and 5 ) had a clear-cut clin- 
ical improvement (Table 1). Pulmonary infections in 
Patient 1 and Patient 2 cleared and did not recur, 
and graft-versus-host— like skin lesions, a feature of 
severe combined immunodeficiency, disappeared in 
Patient 2 and Patient 5 within the first 50 days after 
gene therapy. Patient 1 and Patient 2 left the sterile 
environment on day 90, and Patient 4 and Patient 5 
left on day 45. In Patient 1 and Patient 2, protracted 
diarrhea resolved, and parenteral nutrition was dis- 
continued four months and three months after gene 



therapy, respectively. None of these four patients 
have subsequently had severe infections. Intravenous 
immune globulin was discontinued three to four 
months after gene therapy. Growth aad psychomo- 
tor development have been normal to date. Patients 

1, 2, 4, and 5 are now living at home in normal en- 
vironmental conditions. 

Patient 3, in whom reconstitution of T cells failed, 
underwent splenectomy four months after gene ther- 
apy for persistent splenomegaly caused by a dissem- 
inated bacille Cahnette-Guerin infection. A rescue 
stem-cell transplantation from an unrelated donor 
matched at HLA-A, B, DR, and DQ loci but mis- 
matched at one HLA-C locus was performed after 
eight months, according to the protocol. At the last 
fbllow-up visit, partial T-cell immunity had been re- 
stored in this patient. 

T-Cell Development 

In Patients 1, 2, and 4, the number of T cells in- 
creased progressively and reached normal values for 
age tliree to four months after gene therapy; they were 
within die normal range at the last fbllow-up visit (Kg. 
1). In Patient 5, the initially liigh number of maternal 
T cells (Table 1) disappeared within tliree montlis af- 
ter treatment, wliile autologous T cells appeared. 

Quantitative analysis of provirus integration indi- 
cated that 100 percent of the T ceUs from Patients I, 

2, 4, and 5 contained the transgene (Fig. 2). On 
Soudiern blotting, tliere were one to diree provirus 
integration sites per cell (data not shown). Ail T cells 
in Patients 2, 4, and 5 expressed cell-surface reccp- 
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01 3 5 7 9 n 13 15 17 19 21 23 25 
Months after Gene Therapy 

Figure 1. Absolute Numbers of CD3+ Cells after Gene Transfer 
In Patients 1 through 5. 
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tors with the yc chain. In all four patients, there was 
a normal distribution of T cells with a/jS or y/8 re- 
ceptors, and tlie numbers of CD4+ and CD8+ 
T cells were similar to those in age-matched controls 
(data not shown). Conversely, no T cells were de- 
tected in the blood of Patient 3 up to six months af- 
ter treatment (Fig. 1). 

Analysis of naive (CD45RA+) and memory 
(CD45RO+) subgroups within CD4+ and CD8 + 
populations showed that most T cells had the phe- 
notype of naive CD45RAH- T ceUs (Fig. 3A). We 
also assessed whether T cells were being synthesized 
by measuring the level of T-cell antigen-receptor epi- 
somes. Intrathymic rearrangements of genes encoding 
T-cell antigen receptors cause tlie formation of ex- 
trachromosomal DNA episomcs, which mark T cells 
that have recently emigrated from the thymus to the 



periphery. As shown in Figure 3B, T-cell antigen- 
receptor episomes in Patients 1, 2, and 4 were first 
detected between day 60 and day 90, reached values 
found in age-matched controls, and remained stable 
for up to two years after gene transfer. Thirteen 
months after treatment, Patient 5 had 5500 
CD45RA+ CD4+ T cells per cubic millimeter and 
21,000 T-cell antigen-receptor episomes per 100,000 
peripheral- blood mononuclear cells, respectively. 
These data correlated well with the development of 
a normal-sized thymus, as evaluated by ultrasonog- 
raphy (in Patients 1, 2, 4, and 5) and by magnetic 
resonance imaging in Patient 5 (respective size at one 
year or more, 23 by 15 by 11.5 mm, 21 by 13 by 10 
mm, 27 by 34 by 13 mm, and 19 by 15 by 7 mm) 
(Fig. 3C). 

Expression of 17 V/3 families of T-ccll receptors in 
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Flgure 2. Frequency of Sorted T Cells (CD3+), B Cells (CD19+), Monocytes (CD14+), and Granulocytes (CD15+) Containing the 
Common y (yc) Chain after Gene Therapy in Patients 1, 2, 4, and 5. 

Real-time quantitative polymerase-chain-reaction analysis of DNA was used to determine the frequency of vector-containing cells, 
as described in the Methods section. 
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Patients 1, 2, 4, and 5 was similar to that in age- 
matched controls, and in these patients CD4+ and 

CD 8+ T-cell populations remained stable. In all pa- 
tients, a gaussian distribution of the lengths of com- 
plementarity''- determining region 3 for 22 tested V)3 
families of T-cell receptors was observed (see Sup- 
plementary Appendix 1). 

Capacity for T-Cell Proliferation 

At the last follow-up visit, T cells from Patients 1, 
2, 4, and 5 exhibited normal proliferative responses 
to in vitro stimulation with phytohemagglutinin and 
anti-CD 3 antibody (see Supplementary Appendix 1). 
Antigen-specijSc proliferative T-cell responses were 
also observed after immunization of tiiose four pa- 
tients with tetanus toxoid and polioviruses (see Sup- 
plementary Appendix 1). The addition of interleu- 
kin-2 to T cells from Patients 4 and 5 enhanced in 
vitro proliferative responses to tetanus toxoid. T cells 
from Patient 1, who was immunized with bacille 
Calmette-Guerin at two months of age, also had a 
proliferative response to tuberculin (purified protein 
derivative). 

Development of Natural Killer Cells 

Natural killer cells became detectable 15 to 45 
days after gene therapy in Patients 2, 4, and 5 and 
150 days after gene therapy in Patient 1 (Fig. 4). In 
Patients 2 and 4, and to a lesser magnitude in Pa- 
tient 5, the levels of natural killer cells pealced two 
to four months after gene tiierapy and tiien gradu- 
ally decreased. In Patient 3, natural killer cells were 
also detected in die blood beginning on day 45. These 
cells expressed yc as detected by immunofluorescence 
analysis (see Supplementary Appendix 1) and exhib- 
ited cytotoxic activity against K562 target cells (data 
not shown). 

Serum Immunoglobulins and Antibody Production 

Sermn IgG, IgA, and IgM levels at 25, 21, and 13 
montiis in Patients 1, 2, and 5, respectively, were 



Figure 3. Numbers of Naive {CE>45RA+) and Memory (CD45R0+) 
T Cells {Panel A) and Numbers of T-Cell Antigen-Receptor Epi- 
somes (Panel B) after Gene Therapy in Patients 1, 2, and 4 and 
Magnetic Resonance image of a Coronal Section of the Thymus 
in Patient 5 Five Months after Gene Therapy {Panel C). 
In Panel A, phenotypic quantification of naive and memory CD4+ 
T cells was performed with the use of double staining with fluor- 
ochrome-conjugated antibodies against CD4 and CD45RA or 
CD45R0. In Panel B, numbers of T-cell antigen-receptor epi- 
somes in peripheral-blood mononuclear cells were evaluated 
at different times. The normal range of T-cell antigen-receptor 
episomes for age-matched controls is 2500 to 20,000 per 
100,000 peripheral-blood mononuclear cells. Arrows in Panel C 
show a normal-sized thymus after reconstitution of T cells. 
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Figure 4. Absolute Numbers of CD56+ and CD16+ Cells per 
Cubic IVIjllimeter of Whole Blood after Gene Therapy in Patients 
1 through 5. 



within the age-related normal range (Fig. 5). Low 
IgG and IgA levels persisted in Patient 4 (Fig. 5). 
Antibodies against tetanus toxoid, diphtheria toxoid, 
and poliovirus antigens were first found one month 
after the third immmiization (Table 2) and persisted 
for more than six months in Patients 1, 2, and 4. An- 
tibodies against S. pnmmonicte in Patient 2 and H. in- 
fluenzae in Patient 1 and Patifcnt 2 were also detect- 
ed. In contrast, immunization of Patient 5 failed to 
elicit an antibody response. Isohemagglutinins were 
consistently detected in the scrum of Patients 1, 2, 
and 4 one year or more after gene therapy (Table 2). 
In three patients, the percentage of CD27+ and 
CD 19+ B cells was similar to that of age-matched 
controls (see Supplementaiy Appendix 1). 

Integration and Expression of yc Provirus 

In Patients 1, 2, 4, and 5, all CD3+ T cells carried 

the yc transgene, as compared with 1 to 5 percent 
of B cells, 0.05 to 2 percent of monocytes, and 0.05 
to 0.5 percent of granulocytes (Fig. 2). The fi:equency 
of yc-containing T cells, B cells, monocytes, and gran- 
ulocytes was stable during the study period (Hg. 2). 
In Patients 2, 4, and 5, the presence of the yc gene 
coincided with the expression of yc chains (see Sup- 
plementary Appendix 1). In bone marrow samples 
obtained from Patient 2 and Patient 4 21 and 13 
months, respectively, after gene transfer, 1 to 5 per- 
cent of colony-forming units derived from cultured 
CD34-I- cells contained the transgene (frequency of 



long-term-culture initiating cells, 1:1000 in Patient 2 
and 1:500 in Patient 4) (data not shown). 

Patient 3 

Reconstitution of T cells failed to occur in Patient 
3 (Fig. 1), despite the presence of yc-positive cells, 
as detected by PGR and immimofluorescence analy- 
sis of peripheral-blood mononuclear cells from day 
30 up to four months after gene transfer. After sple- 
nectomy, a strong yc signal was detected among sort- 
ed CD 19+ and CD 16+ cells by nonquantitative 
PCR analysis. There were no CD3+ T cells in the 
spleen, and provirus (i.e., vector) was not detected 
in a bone marrow sample obtained at the time of 
splenectomy. 

DISCUSSION 

We found that four of five patients witli X-linked 
severe combined immunodeficiency due to a defi- 
ciency of tlie yc chain who were treated with autol- 
ogous CD 34+ cells ftom bone marrow that had 
been transduced ex vivo with the yc gene showed 
evidence of a functional immune system and sus- 
tained clinical benefit. These results extend a prelim- 
inary report of two patients treated in tliis way.^ The 
gene-tlaerapy protocol we used is safe, and no evi- 
dence of the emergence of a replication-competent 
retrovirus has been detected. 

The evidence that virtually all T cells and natural 
killer cells but fewer B cells and myeloid cells were 
transduced suggests tliat yc expression gives progeni- 
tors of T cells and natui'al killer cells a selective growdi 
advantage. Since transduced monocytes, granulocytes, 
and colonies derived fi'om long-term cultures of trans- 
duced CD 34+ cells were consistently detected one to 
two years after gene transfer, it is likely that long-lived 
immature progenitor cells were tai'geted by tlie vector. 
Moreover, die persistence of T-cell antigen-receptor 
episomes,"'^^ naive T cells, and the development of 
a normal-sized diymus indicate ongoing formation 
of T cells and thymopoiesis, which most likely orig- 
inated from transduced CD34+ progenitors. These 
findings suggest that both committed myeloid and 
lymphoid progenitor cells were transduced (implying 
that tliese cells persist in die bone marrow for at least 
one to two years) or tliat uncommitted pluripotent 
progenitor cells were ti'ansduced by tlie yc-contain- 
ing vector. Evaluation of provirus integration sites in 
myeloid and lymphoid cells^^'^^ should help clarify 
tliis issue. 

In our four successfiilly treated patients, tlie pat- 
tern of restoration of T cells differed from tliat ob- 
served after transplantation of haploidentical hema- 
topoietic stem cells in patients with severe combined 
immunodeficiency.^'^ After the latter, T cells usually 
begin to appear within four to six months, and the 
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Figure 5. Serunn Levels of IgiVI (Panel A}, IgA {Panel B), and IgG 
(Panel C) after Gene Therapy in Patients 1, 2, 4, and 5. 
In Patient 1, the peak level of monoclonal IgM occurred two 
months after gene therapy. 



number of T cells in peripheral blood rarely exceeds 
2000 per cubic millimeter.^'* In contrast, after gene 
therapy, T cells appeared within two to four months, 
at levels of 2000 to 8000 per cubic millimeter. The 
absence of graft-versus-host disease and the ex vivo 
activation of CD 34+ cells with cytokines could have 
contributed to the rapid reconstitution. 



The characteristics of the T cells in the four pa- 
tients were similar to those of age-matched controls. 
The diversity of T-cell receptors and the presence of 
T-cell antigen-receptor episomes and naive T cells sug- 
gest that 5ie T cells after gene therapy derived from 
genuine thymopoiesis and not from an increase in 
the number of transduced mature T cells.^*^'^^ It is in- 
teresting that neither membrane expression of a trun- 
cated yc protein (in Patient 1) nor the presence of 
numerous maternal T cells (in Patient 5) influenced 
the development of T cells. Although yc gene transfer 
did not increase B-cell numbers substantially, enough 
immunoglobulin was produced to avoid the need for 
intravenous immune globulin. It is not known wheth- 
er the few transduced B cells account for the pro- 
duction of antibodies in these patients or whether 
nontransduced B cells arc also involved.^^ Since there 
were more detectable memory B cells (CD27+ and 
CD 19+) than transduced B cells, it is possible that 
yc-negative B cells retain some ftinction. 

In conclusion, our study demonstrates that the in- 
fiision of autologous yc-transduced cells, despite the 
low efficiency of the transduction process, can repair 
the immune system in patients with X-linked severe 
combined immunodeficiency. Although the repair is 
incomplete, it is sufficient to provide protective im- 
munity. Despite an obvious requirement for long-term 
assessment and ftuther analysis in a larger cohort of 
patients, these results suggest that a similar approach 
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Table 2, Peak Antibody Responses after Immunization.* 



Antibody Assay 


Patient 1 


Patient 2 


Patient 4 


Patient 5 


Controls 


Diphtheria toxoid (lU/ml) 


3 


93 


22 


<0.1 


>0-10 


Tetanus toxoid (lU/ml) 


3 


63 


89 


<0.1 


>0.10 


Poliovirus titer 












First 


1:640 


1:640 


1:20 


0 


>1:40 


Second 


1:320 


1:640 


1:80 


1:20 


>1:40 


Third 


1:160 


1:160 


1:40 


0 


>1:0 


Anti-A antibody titer 


1:64 


1:32 


1:8 


1:4 


>1;8 


Anti-B antibody titer 


1:32 










Hacmapbilius infltimzae (%)t 


26 


16 


ND 


ND 


>10 


Streptococctfs pneumoniae (/u-g/ml) 


ND 


8 


ND 


ND 


>0.3 



♦Patients were immunized three times with diphtheria toxoid, tetanus toxoid, and poliovirus be- 
tween month 4 and montli 6; they were immunized witli Streptococcus pneumoniae and Haemophilus, 
influenzae one year after gene therapy. Serum antibodies were measured in serum samples drawn ev- 
ery tliree months tliereafter. ND denotes not done. 

tA positive value is more than 10 percent. 



could be used for other forms of severe combined 
immunodeficiency. ^^-^ 
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CORRECTION 

Gene Therapy for Severe Combined 
Immunodeficiency Disease 

7b the Editor: Correction of X-Iinked severe combined immunodefi- 
ciency by infusion of autologous CD34+ stem cells transduced with 
retrovirus containing common y cliain, reported by Hacein-Bey-Abina 
etal. (April 18 issue),^ is a milestone in medicine. We used a different 
therapy with a similarly good outcome. 

X-linl^ed severe combined immunodeficiency was diagnosed in two 
patients after the initiation of mechanical ventilation for pulmonary feil- 
ure caused by infections, immediately after the diagnosis had been 
made, haploidentical CD34+ peripheral progenitor cells mobilized with 
granulocyte colony-stimulating factor were isolated to a purity of more 
than 99 percent,^ These cells were infused with no preparative regi- 
men and no prophylaxis against graft-versus-host disease. Both pa- 
tients showed signs of T-cell reconstitution beginning three weeks af- 
ter the CD34+ infusion and were weaned from the ventilator. They 
are in excellent health, without graft-versus-host disease, 34 and 68 
months after transplantation. Patient 1 does not need replacement 
immune globulin. Patient 2 received a "booster" infusion of CD34+ 
stem cells from the original donor one year later to improve B-cell 
function and now receives immune globulin every three months. 

Our experience indicates that purified haploidentical CD34+ progeni- 
tor cells reconstitute the T-cell compartment and can correct the B-ce!l 
defect. Given the possibility of long-term risks^''^ and the availabil- 
ity of effisctive alternatives, we think that broader application of gene 
therapy for the treatment of patients with severe combined immunod- 
eficiency or strategies Ibr the correction of persistent B-celi deficiency 
after successful allogeneic transplantation^ are premature and war- 
rant longer follow-up. 

Rupert Handgretinger, M.D., Ph.D. 
St. Jude Children's Research IHospital 
Memphis, TN 38105 

Ewa Koscieiniak, M.D. 
Olgahospital 

70176 Stuttgart, Germany 

Dietrich Niethammer, M.D., Ph.D. 
Children's University Hospital 
72076 Tubingen, Germany 
dietfich.niethammer@med.unh4uebingen.de 

References 

1. Hacein-Bey-Ablna S, Le Deist F, Carlier F, et al. Sustained cor- 
rection of X-linked severe combined immunodeficiency by ex vivo 
gene therapy. N Engl J Med 2002;346:1185-1 193. 



2. Schumm M, Lang P, Taylor G, et al. Isolation of highly purified 
autologous and allogeneic peripheral CD34-I- cells using the Clini- 
MACS device. J Hematother 1999;8:209-218. 

3. Donahue RE, Kessler SW, Bodine D, et al. Helper virus induced 
T ceil lymphoma in nonhuman primates after retroviral mediated 
gene transfer. J Exp Med 1992:176:1125-1135. 

4. Li Z, Dullmann J, Schledlmeier B, et al. Murine leukemia Induced 
by retroviral gene marking. Science 2002;296:497-497. 

5. Rosen FS. Successful gene therapy for severe combined immun- 
odeficiency. N Engl J Med 2G02;346: 1241 -1243. 

The authors reply: 

To the Editor: Handgretinger et al. describe two cases of success- 
ful haploidentical hematopoietic stem-cell transplantation for X-llnked 
severe combined immunodeficiency. It is indeed known that partially 
compatible hematopoietic stem-cell transplantation can provide T-cell 
reconstitution in 70 to 80 percent of cases.'' Nevertheless, hap- 
loidentical hematopoietic stem-cell transplantation has a number of 
pitfalls. Despite low numbers of T cells in the graft, graft-versus-host 
disease does develop in some cases (5 to 10 percent). T-celi repop- 
ulation after haploidentical hematopoietic stem-cell transplantation is 
slow.'' A period of more than three months is usually required before 
T cells can be detected. More important, Patel et al. have reported 
that after the peribrmance of haploidentical hematopoietic stem-ceil 
transplantation without myeloabiatlon, T-cell immunity declines over 
tlme.^ Finally, correction of B-!ymphocyte immunity is infrequent in pa- 
tients with X-llnked severe combined Immunodeficiency who undergo 
haploidentical hematopoietic stem-cell transplantation in the absence 
of myeloablation.""'^ In contrast, so far all patients who have received 
gene therapy, with a follow-up of more than one year, in whom T-cell 
immunity has developed do not require intravenous Immune globulin 
therapy. These observations justify further assessment of gene ther- 
apy as an alternative to hematopoietic stem-cell transplantation. 

The potential risk of gene therapy must not be underestimated and 
must be balanced against the risk of alternative therapy. The concern 
of Handgretinger et al. Is not entirely appropriate, since helper virus 
and the expression of a membrane receptor, which accounted for re- 
ported toxic effects, are irrelevant to our trial. In our opinion, gene 
therapy can be considered an option worth exploring for patients with 
severe combined Immunodeficiency. 

We would also like to note that on page 1 1 85 of our article, author 
Lily Leiva's name was misspelled, and the affiliation for Dr. Leiva 
and author Ricardo Sorensen should have included both Louisiana 
State University Health Sciences Center and Children's Hospital, New 
Orieans. 

Marina Cavazzana-Calvo, M.D., Ph.D. 
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becx;o s minimum essenliaJ medium (DMEM) in !he 
presence of pdybrene (3 |ig/ml} as described (fS). 
Cells were washed twice in jShosphate-buffered saline 
(PBS), resuspended in fresh medium, and cuftured for 
3 to 4 days. Transduced cefls were tested for the 
presence of helper virus and ciyapreservsd until use. 

36. BM mononuclear cells were obtained as a Rcoll frac- 
tion arxl grown for 2 to 3 days m complete DMEM at 
a density of 6 x 10^ to 8 x 10^' cells/cm^ (35). T cell 
depletloo and progenitor cell enrichment were ob- 
tained as described (3. 35). Gene transfer was carried 
out by multiple infection c>'cies with cell-free, helper 
viais-tested viral supematants In the presence of 
polybrene (8 ng/ml) (35). BM cells were maintained in 
a long-term culture system ever adherent layers with- 
out addition of exogenous growth factors, and infect- 
ed dunng tlT9 first 3 days of culture. Transduced cells 
were tested for the presence of helper viois and cryo- 
preserved until use. At that time. Ihe transduced cells 
were washed, resuspended in normal saline contain- 
ng 4%- human albumin, and relnfused into the patient. 

37. C. Bordignonera/.. Proc. NatLAcad Sd US. A 86. 
6748 (1989). 

'8. PHA blasts or antigen-specificT cells were cloned by 
limiting dilution. The relative frequencies of trans* 



duced cells was obtained by companng the precur- 
sor firequency In the absence and presence of G41 8 
(800 )ig/mO. G4lB-rea*stant T cell dones were iso- 
lated and maintained as described (44, 45). 

39. The relative frequencies of transduced BM progen- 
itor cells were obtained by comparing the frequen- 
cy ol CFU-G, CFU-GM. BFU-E. and CFU-GEMM 
cells In the absence and presence of Increasing 
doses of G41 8 (0.7 1 .0. 1 .5 mg/ml) as described 
(37). In selected experiments, individual G418-re- 
slstant colonies were collected for analysis of vec- 
tor transduction and expression. 

40. M. J. Bametl ef a!., Blood 84, 724 (1994). 
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T Lymphocyte-Directed Gene Therapy for ADA 
SCID: Initial Trial Results After 4 Years 

R. Michael Blaese,* Kenneth W, Culver, A. Dusty Miller, 
Charles S. Carter, Thomas Fleisher, Mario Clerici,t 
Gene Shearer, Lauren Chang, Yawen Chiang, Paul Tolstoshev, 

Jay J. Greenblatt, Steven A. Rosenberg, Harvey Klein^ 
Melvin Berger, Craig A. Mullen, t W. Jay Ramsey, Linda Muul, 
Richard A. Morgan, W. French Anderson§ 

In 1990, a clinical trial was started using retroviral -mediated transfer of the adenosine 
deaminase (ADA) gene into the T cells of two children with severe combined immuno- 
deficiency (ADA" SCID). The number of biood T cells normalized as did many cellular and 
humoral immune responses. Gene treatment ended after 2 years, but Integrated vector 
and ADA gene expression in T cells persisted. Although many components remain to be 
perfected, it is concluded here that gene therapy can be a safe and effective addition to 
^'eatment for some patients with this severe immunodeficiency disease. 



The possibility of using gene transfer as a 
therapy for human disease has great appeal. 
The decision to enter clinical trials awaited 
the development of safe and efficient tech- 
niques of gene transfer and improved un- 
derstanding of the basic pathology and bi- 
ology underlying likely candidate diseases 
and target cells. The advent of useful retro- 
viral vectors that pennitted relacively higli 
efficiency gene transfer and stable integra- 
tion was a critical advance (i , 2), as was the 
demonstration that this procedure of gene 
transfer could be effectively and safely used 
in humans (3). 

Severe combined immunodeficiency 
secondary to a genetic defect in the purine 
catabolic enryme adenosine deaminase 
[ADA" SCIDI is characterized by defective 
T and B cell function and recurrent infec- 
tions, often involving opportunistic patho- 
gens. Large amounts of deoxyadenosine, an 
ADA substrate, are present in these pa- 



tients; deoxyadenosine is preferentially con- 
verted to the toxic compound deoxyade- 
nosine triphosphate in T cells, disabling the 
immune system (4). 

Because this disease is curable by alloge- 
neic bone marrow transplantation given 
wttliout pretransplantation cytorcductivc 
conditioning, it was initially assumed that 
gene therapy should be directed at the bone 
marrow seem cell. However, initial attempts 
to use stem cell gene transfer in primates 
resulted in only low-level, transient gene 
expression, insufficient for clinical use. The 
observation that the only donor cells de- 
tected in some patients "cured" by alloge- 
neic bone marrow transplantation wai their 
T cells — the others remaining ADA-defi- 
cient (5) — rai,sed the possibility diatT cell- 
directed gene therapy also might be a useful 
treatment. 

Tlie introduction of emyme replace- 
ment with ADA-containing er^'throcytes 
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Davis. Science 243. 217 (1989). 

48. T cell receptor Vp-chain usage was analyzed on 
transduced T cell lines by reverse transcriptase- 
PGR. Briefh', total Rl^ was reverse transcribed with 
o!igo(dT) and o!igo(dG} primers and sul^ected to 
PGR with Vg- or Cg-specific oligonucleotides {46) or 
to anchored PGR witti a Cp-speclfKS oligonucleotide 
as described (47). Amplified products were analyzed 
by agarose gel electrophoresis. 

49, We are indebted to L Ruggteri and A. Wack for per> 
forming some o' the ex vivo and in vitro analyses of 
gene transfer frequency: to the nurses and cSntcal 
staff of thJ Clinica Pediatrtca. SchoO! of Medicine. 
University of Brescia, for skilled and dedicated care; to ■ 
A. Anighini and A. Crescenzo for clinical assistance in 
the extended care of the tv.ro patients; to A. Plebani for 
dosing specific antibody production; to M. Hershfield, 
P. Dellabona. and A. Ballabio for helpful discussions; 
and to Enzon, Inc., and Ophan Europe for providing 
PEG-AQA before commercial distribution. Supported 
by grants from Telethon, the Italian National Research 
Counca. and the Italian Ministiy of Health (IV-VII AIDS 
Projects). 

26 May 1995: accepted 27 September 1995 



(6) or with bovine ADA conjugated with 
polyethylene glycol (PEG-ADA) (7) has 
made this approach feasible. PEG-ADA has 
provided noncurative, life-saving treatment 
for ADA ' SCID patients; with this treat- 
ment, most patients have experienced 
weight gain and decreased opportunistic in- 
fections. Full immune reconstitution has 
been less regularly achieved with enzyme 
therapy. T cell function as measured by in 
\kro mitogen responses improved in most 
patients, but fewer patients recovered con- 
sistenL immune responses to specific anti- 
gens [for insiance, as measured by normal 
delayed-t>7>e hypersensitivity (DTH) skin 
test reactivity] (8-1 (J/ Nearly all PEG- 
ADA-treated patients showed increased 
peripheral T cell counts, which provided a 
source of T cells for gene correction not 
available without enzyme therapy. Further- 
more, enzyme treatment could be continued 
during the gene therapy trial so that the 
ethical dilemma of withholding or stopping 
a life-saving therapy to test an unknown 
treatment could be avoided. 

The adenosine deaminase complemen- 
tary DNA (cDNA) (I J) is 1.5 kb and fits 
within a retroviral vector. With the use of 
an ADA-concaining retroviral vector, 
ADA-deficient T cell lines were transduced 
to express normal amounts of ADA; this 
rendered them normally resistant to intox- 
ication and growth inhibition when chal- 
lenged with deoxyadenosine (12, 13). 
Next, studies in mice, rabbits, and nonhu- 
man primates using T cells modified with 
retroviral vectors showed normal cell sur- 
vival and function after their reinrroduc- 
tion into recipient animals (J^). Finally, 
Bordignon and colleagues (15) showed that 
ADA gene-conected T cells acquired a 
survival advantage compared with uncor- 
rected ADA-deficient cells when trans- 
planted into immunodeficient, but ADA- 
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Fig. 1. Penphe;al bloocf T cell counts 
since the time the diagnosis oi ADA 
defidency was made, dates of treat- 
ments, and the total number of cells 
infused for each patient. ADA level is 
measured in nanomoles of adenosine 
deaminated per minute per 10^ ceils. 
Vertical bars indicate the dates of cell 
infusion, and their height represents the 
total numt)er of nonseJected cells in- 
fused at each treatment. The T cell 
numtDers represent total CDS- bearing 
T cells determined by standard flow cy- 
tometric analysis. (A) Patient 1 began 
gene therapy on 1 4 September 1 990 (protocol day 0) and received a total of 
1 1 infusions. Cellular ADA enzyme level is indicated by the dashed lirte. ADA 
activity was determined as desaibed {13, 25). Values shown are the mean of 



5000 , 




0 365 730 
Protocol day 



(1825) {l460)(10g5H73q) (365) 0 

Protocol day 



1095 1460 a. 



duplicate samples and represent EHNA-sensitive ADA enzyme activity. (B) 
Patient 2 began gene therapy on 31 January 1991 (protocol day 0) and 
received of a total of 12 infusions. 



normal BNX recipient mice. 

The clinical protocol used here has been 
described elsewhere (16). Patients with 
documented ADA" SCID were eligible if 
they did not have a human lymphocyte 
antigen-matched sibling as a potential do- 
nor for marrow transplantation and if they 
had been treated with PEG -ADA for at 
least 9 months without full immune recon- 
stitucion. T cells were obtained from their 
blood by apheresis, induced to proliferate in 
culture, transduced with the ADA retrovi- 
ral vector LASN, culture-expanded, and 
tlien reinfjsed into the patient after 9 to 12 
days {17). No selection procedure was used 
to enrich for gene-transduced cells. 

The clinical histories and ADA gene inu- 
tatior\s of each patient have been reported 
(18, 19). Patient 1 presented with infection at 
2 days of age and had recurrent infections and 
very poor growth until 26 months of age, 
when the diagnosis of ADA deficiency was 
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established and she was started on PEG- ADA 
[30 U per kilogram of body weight per week 
(30 U/kg/week)]. Treatment with PEG-ADA 
eniyme for approximately 2 years had resulted 
in significant, but incomplete, benefit. With 
PEG-ADA she gained weight, had fewer in- 
fections, and transiently developed a normal 
peripheral blood T cell count (Fig. lA), and 
her T cells had acquired the ability to respond 
to mitogens in vitro. However, significant 
immune deficiency persisted, including recur- 
rence of her T lymphopenia (Fig, lA), DTH 
skin test anergy (Table 1), depressed in vitro 
immune reactivity to specific antigens such as 
tetanus t;Qxoid, feilure to generate nonnal cy- 
totoxic T cells to viral antigens or allogeneic 
cells, defective immunoglobulin production 
and absent or weak antibody responses to 
several vaccine antigens, and borderline iso- 
hemagglutinin titers (Table 1). At 4 years of 
age, she was enrolled in this trial. 

The course of disease in patient 2 (who 
was 9 years old when enrolled in the trial) 
u*as milder than that seen in classic SCID 
(19). She had her first serious infection at 
age 3, and septic arthritis at age 5; the 
diagnosis was finally established at age 6 
when significant lymphopenia with ADA 
deficiency was confirmed. This patient had 
an excellent initial improvement in periph- 
eral T cell numbers after the start of PEG- 
ADA therapy (30 U/kg/week) at age 5, but 
lymphopenia recurred in the third and 
Fourth years of enz^'me treatment (Fig. IB). 
During the year before gene therapy, repeat- 
ed evaluation of her immune system showed 
persisting immunodeficiency, but less se- 
vere than that in patient L Despite 4 years 
of enzyme treatment, DTH skin test reac- 
tivity was absent (Table 1), cytotoxic T 
cells to viral antigens and allogeneic cells 
were deficient, and isohemagglutinins were 
barely detectable. However, illustrating the 
variability seen in the responses of patient 2 
over timet blood lymphocytes that were 
cryopreser\red firom the day the clinical trial 
began and tested later showed normal cyto- 
toxic activity to allogeneic cells. 

Within 5 to 6 months of beginning gene 



therapy, the peripheral blood T cell counts 
for patient 1 (Fig. lA) rapidly increased in 
number and stabilized in the normal range 
and have remained normal since that time 
(20). ADA eniytne activity, nearly unde- 
tectable in her blood lymphocytes initially, 
progressively increased in concentration 
during the first 2 years of treatment to reach 
a level roughly half the concentration 
found in heterozygous carriers (expressing 
only one inmct ADA allele) and has re- 
Table 1. DTH skin test reactivity and isohemag- 
glulinin tilers in sera of each patient at various 
times during the treatnr>ent protocol. Skin tests 
were applied as Multitest (Pasteur h/lerieux, Lyon, 
France) and scored according to the manufactur- 
er's instructions 48 to 72 hours after being placed. 
Seven antigens v;ere placed on the dates indicat- 
ed, although only five were technically satisfactory 
on day 1252 for patient 1 and on day 1118 for 
patient 2. l$ohemaggluti|(ii? titers were determined 
by standard blood bank techniques (34). Ninety 
five percent of nomaal children over the age of 2 
years will have a titer of a1 : 1 6 and 82% will have 
a titer SE 1 : 32 (35). ND. not done. For the DTH skin 
tests, positr/e tests were elicited; T. tetanus tox- 
oid: D. diphtheria toxoid; C, Candida aibscans; P, 
Proteus anvgen; S, streptococcal antigen; OT, old 
ti^serculln. 
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ND 
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ND 
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32 
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ND 
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32 


ND 
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ND 
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Patient 2 




-122 


A 


None [0/7] 


-9 


A 


ND 


90 
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ND 
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ND 
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128 


ND 
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128 


T, D, C. S, OT 


676 


64 


ND 


957 


16 


ND 


1118 


ND 


T. D, S, P 
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mained at that level since (Fig. I A). Tlius, 
both the reconstituted number of peripheral 
blood T cells and the elevated T cell ADA 
en:yme concentration have persisted since 
the patient's last treatment, indicating that 
peripheral T cells can have an unexpectedly 
long life-£pan and chat gene expression 
from the retroviral vector has not been 
silenced over this perfod. 

Patient 2, who had variable immune re- 
activity before enrollment, responded to the. 
institution of lymphocyte infusions, with 
her peripheral T cell count rapidly increas- 
ing CO levels in the high normal range (Fig 
IB). Beginning with infusion 5, which in- 
cluded protocol modifications to partially 
deplete CDS cells from the initially cul- 
' -ed cell population (21), her T cell count 
into die mid-normal range, where it 
persisted throughout the treatment period 
and for a year after the last cell infusion. In 
contrast to those in patient 1, ADA enzyme 
levels in the circulating T cells of patient 2 
did not rise significantly above the small 
amounts seen before gene therapy treat- 
ment (-^1.5 nmol/IO® cells per minute). 

The differences in final lymphocyte ADA 
concentration are consistent with the levels of 
gene transfer reached in these patients. For 
several months in the second protocol year 
during which cell iniusions were not given, 
LASN vector sequences detected by poly- 
merase chain reaction (PGR) maintained a 
stable frequency in the peripheral blood of 
patient 1 at a level greater than the PGR- 
positive control standard containing the 
equivalent of 0.3 vector copies/cell (Fig. 2). 
By contrast, although vector-containing cells 
were also stably detected throughout a similar 
r xi in patient 2, their level reached only a 
iPi^ie equivalent to 0.1 to 1.0% of her circu- 
lating cells carrying the inserted ADA vector. 

TTie principal contributor to the differ- 
ence in the final frequency of LASN vec- 
tor-modified T cells in patients 1 and 2 was 
the low- gene transfer efficiency in the cells 
of patient 2; this was consistently only a 
tenth or less of what was routinely achieved 



in the cells from patient 1 . Despite the gross 
differences in the final proportion of vector- 
containing cells reached in these two pa- 
tients, both CD4 and CDS T cell popula- 
tions from each have remained consistently 
positive for integrated vector sequences 
since the first infusion through protocol day 
14S0 for patient 1 and through protocol day 
1198 for patient 2 (Fig. 2). 

To more accurately measure the propor- 
tion of vector-containing cells in patient 1, 
we performed quantitative Southern (DNA) 
hybridization analysis for vector sequence on 
DNA isolated ftom her peripheral blood T 
cells at different days during the course of 
this protocol. On protocol days 816 and 
1252, which represent samples taken 109 
and 545 days after the last treatment, the 
vector concentration was at the level of 
approximately one vector copy per cell (Fig. 
3). Longitudinal studies of samples obtained 
throu^out the study show that this large 
amount of integrated vector was reached by 
infusion 8 (D707) and that it has remained 
in this range since that time (22). 

The use of. a restriction endonuclease that 
cuts only once within the vector sequence 
does not give detectable bands (Fig. 3), indi- 
cating that the population of blood T cells at 
these dates is not oligoclonal with respect to 
integrated vector. Vector-derived mRNA 
was readily detected by reverse transcription 
(RT)-PCR at these same times (Fig. 3), con- 
finning that vector expression persisted and 
was correlated with the presence of ADA 
enryme activity in her circulating T cells. 

To evaluate the effect of gene therapy on 
the immune function of these two patients in 
addition to its beneficial effect on T cell 
numbers, we performed a panel of immuno- 
logic studies both before, and at various times 
after, treatment. DTH skin test reactivity to 
common environmental and vaccine antigens 
tests the overall competence of the cellular 
immune system because a response depends 
on the full complement of cellular functions, 
not just cell proliferation or secretion of a 
single cytokine (Table 1). Patient 1 was an- 



ergic before our protocol treatment despite 
nearly 2 years of PEG-ADA treatment. Eight 
months after the initiation of gene therapy 
(protocol day 251), she had a brisk DTH 
response to a single intradermal skin test with 
tetanus toxoid. By protocol day 455, DTH 
responses to five of seven antigens were 
present, and this increased resporuiveness has 
persisted, through day 1252. 

Before the protocol, patient 2 had no 
positive DTH skin test (Table 1). At pro- 
tocol day 501. five positive DTH skin tests 
were elicited, and this increased DTH reac- 
tivity had persisted when she was last tested 
on day 1118. She also acquired palpable 
lymph nodes and visible tonsils during the 
period of protocol treatment. 

To corroborate the improved immune 
function indicated by these DTH tests, we 
evaluated the capacity of peripheral T cells 
from our patients co produce interleukin-2 
(IL-2) or to kill antigenic target cells in 
vitro. In several patients treated with PEG- 
ADA, in vitro T cell proliferative responses 
CO mitogens may normalize, whereas respons- 
es to specific antigens are less improved (7- 
10). During PEG-ADA treatment before 
gene therapy, T cells from patient 1 pro- 
duced lL-2 in response co stimulation with 




Fig. 3. Quantitative Southern hybridization analy- 
sis of DNA prepared from the blood mononuclear 
cells of patient 1 on protocol days P) 816 and 
1252 (28). DNA digested with Sst I should yi^d a 
single restriction fragment of 3,1 kb containing 
both the vector neo and ADA genes. Eco Rl cuts 
only once within the vector sequence, and there- 
fore a detectable band would Indicate that a pre- 
dominant clone with a single unique vector integra- 
tion site was present in that blood sample. None 
was detected. Pdyadenylated mRNA was extract- 
ed from the patient cells on days 0, 816, and 1 252 
and analyzed for vector message by RT-PCR (29). 
The primer locations used are indicated as short 
solid lines above the vector diagram. SV, $V40 
eariy promoter; (A),,, polyadenylation site; ^, ex- 
tended retrovirus packaging signal. Hatched re- 
gions indicate protein coding regions. 



Patient 1 



STD vector copies/cell 



0304 03-6 Oaas tXia CMSS OirOO D591 




Paiienl 2 S TD vector copies/ce ll 



D333 D3S9D438DS0I 



0.001 001 

•n I- 



• # • 



Fig. 2. PGR evaluation of the frequency of LASN 
vector-positive cells in the blood of patients 1 and 
2 at various protocol days. (A) Cells from patient 1 
for protocol days P 304 to 591 (see Rg. 1 A). PGR 
analysis was performed as described (26} in an 
ethidium-stained gel. (B) Cells from patient 2 for 
protocol days (D) 333 to 501 (see Rg. 1 B). PGR 
products were probed with ^P-labeled neo gene 
as described (26). (C) Purifted CD4* and CD8 " 
cell subpopulations from patient 1 (D1480) and 
patient 2 (D1 198) prepared by separation of pe- 
ripheral blood mononuclear cells (PBMCs) by flu- 
orescence-activated cell sorting (FAGS). The pu- 
rity of the s^rated T cell subpopulations from 
which DNA was extracted exceeded 98%, as confirmed by FACS analysis. Direct PGR with ppjdeoxy- 
cytosine triphosphate was performed as described (27). Standards (STD) were prepared from DNA 
obtained from cell mixtures of a known proportion of LASN-transduced cells containing a single vector 
insert mixed with vector-negative cells. C, vector-negative control cells. 
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Fig. 4. Evaluation of the In .itro cel- 
lular immune responses of blood T 
cells from patients 1 and 2 at vari- 
ous times before and dunng the 
gene therapy trial. At least two nor- 
mal subjects were included concur- 
rently in each assay, and only those 
tn which the coninD's responded 
appropnately are included here. (A) 
Production of lL-2 by cultured cells 
from patient 1 after stimulation with 
the mitogen PHA and with the spe- 
cific antigens tetanus toxoid and in- 
fluenza A virus as described (30). 
IL*2 was quanlitated by bioassay 
measuring ihe proliferation of the 
IL-2- dependent T cell line CTLL at 
a 1 : 2 dilution of the lymphocyte cul- 
ture supernatant. The fine dashed 
fine indicates the patient's T cell 
count for reference. Solid tnangles 

along the base line indicate the dates of cell infusion. (B) In vitro killing of a 
5^Cr-labeted, influenza A-infected autologous B cell line and a ^"'"'Cr-labeled 
allogeneic target B ceil line by blood T cells from patient 1 as described (37). 
Lysis (as percent specific isotope release during a 6 -hour incubation of 
effector and target cells at a ratio of 60:1) was measured after in vlro 




ASoanl.gen 



f Influenza 



Pralocot liir 



Pntocot day 



Protocol tn 



.40 a 
a. 



pre- stimulation for 7 days. Solid triangles along the base line indicate the 
dates of cell infusion. (C) In vitro killing of a ^'Cr-labeled. influenza Ar-in- 
fected autologous 8 cell and a ^^Cr labeled allogeneic target B cell line by 
blood T celts from patient 2 as descntsed above. 



the mitogen phytohemaggliitinin (PHA) 
(Fig. 4A) but were unable to produce IL-2 in 
response to stimulation with influenza A 
virus or tetanus toxoid, despice repeated im- 
munisation with these anngcr^s. Over the 
first months of gene therapy, IL-2 produc- 
tion improved and became normal after 1 
year (Fig. 4A). Again before gene therapy, 
patient Ts T cells failed to si\ow significant 
cytolytic reactivity against either allogeneic 
cells or influenza A-infected target celb. 
Almost mirroring die steady increase in lL-2 
production, she acquired normal in vitro cy- 
tolytic T cell responses to these antigens, 
reaching normal values in her second year of 
treatment. (Fig. 4B). 

The results of these cytolytic assays for 
patient 2 are show-n in Fig. 4C. Tests done 
1 20 days before the beginning of gene ther- 
apy also showed impaired responses. Howev- 
er, cells that were obtained at the time of the 
first gene therapy infusion, cryopreserved, 
and subsequently tested some months later 
showed a normal cytolytic response to allo- 
geneic cells. After a year on gene therapy, 
cytolytic T cell activity against influenza also 
became normal. 

To evaluate the effects of our treatment 
on humoral immune function in these pa- 
tients, we measured antibody responses to 
several antigens. Despite their PEG-ADA 
treatment, both patients 1 nnd 2 had only 
low or borderline titers of isohemaggluti- 
nins on repeated testing before gene thera- 
py. Each patient showed significant eleva> 
tions in the le%'els of these antibodies with- 
in 90 to 113 days of beginning treatment 
with gene-modified cells (Table 1). Isohe- 
magglutinins are antibodies that react with 
group A and B red blood cell antigens and 
occur spontaneously as a result of environ- 



mental exposure to cross- reacnng antigens. 
Isohemagglutinin responses are. therefore, 
less dependent on the timing of previous 
immunizations than are resptjnscs to com- 
mon vnccine antigens. After gene therapy, 
each patient also had improvement in an- 
tibody responses to vaccines to HemopMxis 
mfiutrxzae B (HIB) and tetanus toxoid (Fig. 
5). With enzyme therapy alone, peripheral 
lymphocytes from each patient were unable 
to produce immunoglobulin M (IgM) in 
vitro after stimulation with pokeweed mi- 
togen (PWM), but made robust responses 
after a year on the gene therapy protocol 
(Fig. 5 A). Immunoglobulin production to 
PWM depends on T cells; these results fur- 
ther confirm the reconstitution of T cell 
function associated with gene therapy. 

Tlic effects of this treatment on the clini- 
cal well-l'>eing of these patients is more diffi- 
cult to Liuanritate. Patient 1, who liad been 
kept in relative isolation in her home for her 
flrst 4 years, was enrolled in public kindergar- 
ten after 1 year on the protocol and has missed 
no more school because of infectious disease 
than her classmates or siblings. She has grown 
normally in height and weight and is consid- 
ered to be nonnal by her parents. Patient 2 
was regularly attending public school while 
receiving PEG-ADA treatment alone and has 
continued to do well clinically. Chronic si- 
nusitis and headaches, which had been a re- 
curring problem for several years, cleared 
completely a few months after initiation of 
the protocol. 

This trial of retroviral-mediated gene 
transfer shows that the sur\'ival of reinfused 
transduced peripheral blood T cells is pro- 
longed in vivo; the erroneous assumption 
that T cells would not have such long-term 
survival was often cited as a potential prob- 



lem with this treatment strategy. Patient 1 
has had a normal total peripheral T cell 
count since the last cell infusion, and the 
proportion of her circulating T cells carrying 
vector DNA has remained stable o\er that 
period. Further, expression of the ADA 
crnnsgene under the influence of the retro- 
viral long terminal repeat (LTR) promoter 
hris perflated for a long period m vivo with- 
out obvious extinction. There have been 
swings in the level of ADA enzyme in her 
peripheral lymphocytes throughout the peri- 
od of observation, -^iit the level of blood 
ADA emyme activity at 4 years (protocol 
day 1480) is equivalent to that found imme- 
diately after the last cell infusion 2 years 
earlier (Fig. I A). Although the data have 
not yet been completely analyzed, blood ob- 
tained after 5 years showed continuation of 
this trend with, again, a normal T lympho- 
cyte count and an equivalent ADA level. 

The mechanism by which our treatment 
aided immune reconstitution in patient 2 is 
less clear. Tl\e responses oi patient 2 to some 
in vitro immunologic tests were variable be- 
fore beginning our treatment protocol, rang- 
ing from little or no detectable response to 
nearly normal responses on the blood sample 
from the day gene therapy began. This patient 
produced a nomial antibcxJy response to im- 
munization with bacteriophage 9X174 about 
a year before beginning gene therapy (8). 
Although wc have shown several examples of 
depressed cellular and humoral immune re- 
sponse; that strongly improved after gene 
therapy, this highly variable immune reactiv- 
ity while patient 2 was on PEG-ADA therapy 
alone complicates interpretation of the con- 
tribution of our therapy. There was a temporal 
relation between initiation of gene therapy 
and a nonnaliied peripheral T cell count, 
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Rg. 5. Humoral imnnune function of patients 1 and 
2 before (soHd bars) and after {hatched bars) gene 
therapy. (A) IgM production by the patient's periph- 
eral blood mononLiclear cells in cultures stimulated 
with the T cell- dependent poiydonal activator 
PWM perfonmed as described (32), "Before" sam- 
ples were from D{-9). Fdllow-up cultures were at 
D500 (patient 1 ) and D560 (patient 2). in each case, 
the patient's cells stimulated with the T ceNnde- 
pendent B cell stimulant EBV (33) produced nonnal 
amounts of IgM (not shown), indicating intact B cell 
function before and after gene therapy, as expect- 
ed. At least two nomna! subjects were included concurrently in each assay, and only those in which the 
controls responded appropriately are included here. (B) Serum antibody response to Hemophilus influenzae 
B. Patient 1 had failed to respond to two immunizations while on PEG-ADA alone tD(-9) shown]. Her 
response at protocol D591 is sho'jvn, after immunization. Patierit 2 had some HIB-specific antibodies 
present before therapy [D(-122)], whose amounts increased without additional immunization during the 
protocol (D560). (C) Senjm tetanus antibody. Patient 1 had negligible response to five separate tetanus 
immunizations before gene therapy [D{-48} shown) but responded brisWy at D731, 24 days after re- 
timunization. Seaim titers tor patient 2 are shown for D(-9), 140 days after immunization while on 
W€G-A[)A alone, anid after receiving gene therapy (0592). 32 dsr/s after a booster tetanus Immunization. 




improved DTH, appearance of tonsils and 
palpable lymph nodes, normalized isohemag- 
glucinin response, and improved PWM re- 
sponse, as well as other factors. In view of the 
relatively low level of ADA gene transfer 
achieved in this patient, the potential coniri- 
bution of the incisions of the culture-activat- 
ed T cells to the patient's response must also 
be considered. Perhaps ex vivo T cell activa- 
tion somehow bypassed a differentiation block 
that PEG-ADA alone was unable to relieve. 
Despite die low final percentage gene transfer 
achieved, a 1% level of ADA gene- corrected 
cells could represent 10^ to 10^^ ADA-ex- 
pressing T cells distributed throughout the 
body that could readily contribute to immune 
improvement. 

Since the beginning of the trial, the dose 
^ PEG-ADA enzyme given to each of our 
patients has been decreased by more than balf 
(patient 1,14 U/kg/week; patient 2, 10 U/Icg/ 
week), during which time dieir immune func- 
tion has improved. By contrast, worsened im- 
mune function has been seen in other ADA" 
SCID parienrs when their dose of enzyme has 
been similarly reduced (iO, 23). We do not 
want to expose diese patients to the potential 
risk of recurrent immunodeficiency by com- 
pletely stopping PEG-ADA enzyme treatitient 
until we have better infomiation about die 
quality and duration of the immune improve- 
ment achieved by this first-generation gene 
therapy trial. Tlie role of continued exoge- 
nous enz>'me treatment will be clarified here 
or in companion studies attempting stem cell 
gene correction (24). 

The safety of retroviraUmediated gene 
transfer has been a central concern. At least 
in the short and intermediate term, no 
problems have appeared in any clinical trial 
using these vectors. In the longer term, the 
theoretical potential for retroviral vectors 
to cause insertional mutagenesis remains 
the primary concern. To date, there has 
been no indication that malignancy associ- 



ated with this process will be a complica- 
tion of retroviral-mediated gene transfer. 

Our trial here has demonstrated the po- 
tential efficacy of using gene-corrected au- 
tologous cells for treatment of children with 
ADA" SCID. Eleven children with this 
disease have been enrolled in various gene 
therapy protocols, each using different strat- 
egies and retroviral vector designs and fo- 
cusing on different target cell populations. 
Tine experieiue gained from these ap- 
proaches should provide guidance for gene: 
therapy as a treatment for this disorder as 
well as for a larger array of inherited and 
acquired diseases. 
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ALTobidopsis thaJiam has been adopted as a 
model organism for the analysis of complex 
plant processes by means of molecular genet- 
ic techniques (J). The increase in map-based 
cloning experiments makes the generation of 
a complete physical map of the Arabidopsis 
genome a high priority. In addition, the 
availability of such a map would enable d-^e 
organization of die chromosome to be stud- 
ied in more detail. Little is known about the 
organization of plant chromosomes, but the 
general picture is that of chromosomes car- 
rying large numbers of dispersed [often rec- 
Totransposons (2)] and tandemly repeated 
DNA sequences (3). The relatively small 
(100 Mb) Arabidopsis genome has a much 
smaller number of repeated DNA sequences 
than do most other plant species; its five 
chromosornes contain —10% highly repeti- 
tive and —10% moderately repetitive DNA 
(4). The dispersion of most of these sequenc- 
es among the low-copy DNA is unkiiown. 

We discuss here a physical map, which we 
have presented on d\t World Wide Web 
(WWW) at URL: http://nasc.nott.ac.uk/JlC- 
contigs/JlC-contlgs.html, of Arabidopsis chro- 
mosome 4, one of the two chromosomes car- 
rying nucleolus organizing regions. The con- 
struction of this map allowed us to analyze die 
frequency of recombination along the whole 
chromosome, die integration of the physical 
with the cytogenetic map, the interspersion 

R. Schmidt, J. West, K Uwe, Z. Lenehan, C. Uster, H. 
Thompson, C. Dean, Department of Molecular Genetics. 
Biotechnology and Biological Sdmces Research Coun- 
cil, John Innes Centre. Colney, Nonwch NR4 7UH. UK. 
D. Bouchez. Laboratoire de Biologle Cellulaire. Institut 
National de la Recherche Agronomique, 78026 Versailles 
Cedex, France. 

•present address: Max-Delbmeck Laboratofy. Garl-von- 
Unne-Weg 10. D50B29. Cologne, Germany. 
tTo whom con-espondence should be addressed. 



laboralors D. B. Kohn, & GUboa, P. W. Kantoff , M. A 
Egfitis, a Moen. K. Cometta, A. Gillio, R. J. O'Reilly 
and C. Bofdignon for their contributions that helpec 
prepare the way for this clinical trial. 

30 June iggS: accepted 27 SepXembec 1995 



pattern of repeated and low-copy DNA se- 
quences over the whole chromosome, and tht 
arrangement of repeated DNA sequences ova 
the centromeric region. 

We generated the physical map by hy- 
bridizing probes to four yeast artificial cl^ro- 
mosome (YAC) libraries (5), using colony 
hybridisation experiments (6), The probe 
consisted of 112 markers genetically mappec 
to chromosome 4» 20 pre\nously unmappec 
genes, random genomic fragments and se- 
quences flanking transposable elements, aiK 
the 180-base pair^(bp) repetitive elemeni 
canried in pALl (7). Southern (DNA) blot 
analysis of YAC clones confirmed the colony 
hybridization results and revealed commor 
restriction fragments in the different YAC 
clones hybridizing to a given marker. This 
demonstrated overlap bet\veen the inserts o 
the YAC clones. On the basis of these 
results, the YAC clones could be placet 
into 14 YAC contigs with a high degree a 
rcduridant YAC cover, ensuring an accu- 
rate map despite the presence of chimeric 
clones in the YAC libraries. 

We generated YAC end fragments, usin| 
either inverse polymerase diain leactior 
(IPCR) or plasmid rescue (8), from YAC 
clones lying near the ends of each of the 1^ 
contigs. The fragments were hybridiied t( 
Southern blots of YAC clones from adjacen 
contiys. In addition, YACs, as well as some o 
the end fragments generated by IPCR, wen 
used to identify' clones from a cosmid library' o 
die Columbia ecotype (9). The cosmids wen 
then used as new markers on die YAC Ubrar 
ies. These experiments reduced the number o 
contigs to four. In all but two instances, cht 
end fragments revealed that the contigs wen 
already overlapping. Experiments aimed a 
closing the last three gaps have been attempt 



Physical Map and Organization of 
Arabidopsis tlialiana Chromosome 4 

Renate Schmidt,* Joanne West, Karina Love, Zoe Lenehan, 
Clare Lister, Helen Thompson, David Bouchez, Caroline Deant 

A physical map of Arabidopsis thaliana chromosome 4 was constructed in yeasi 
artificial chromosome clones and used to analyze the organization of the chromosome, 
Mapping of the nucleolar organizing region and the centromere integrated the physica 
and cytogenetic maps. Detailed comparison of physical with genetic distances showec 
that the frequency of recombination varied substantially, with relative hot and cole 
spots occurring along the whole chromosome. Eight repeated DNA sequence families 
were found in a complex arrangement across the centromeric region and nowhere else 
on the chromosome. 



480 



SCIENCE • VOL.270 • 20 OCTOBER 1995 



article 



Successful ex vivo gene therapy 
directed to liver in a patient with 
familial hypercholesterolaemia 



Mariann Grossman', Steven E. RaperS Karen Kozarsky^ Evan A, Stein^, 
John F, Engelhardt^ David MuUer', Paul J. Lupien^ fie James M. Wilson* 



^Departments of 
Internal Medicine, 
Surgery, and 
Biological 
Chemistry, Tite 
University of 
Michigan Medical 
Center, Ann Arbor, 
Michigan 48109- 
0366, USA 
^Vie Christ 
Hospital 
Cardiovascular 
Research Center, 
Division of Lipid 
Metabolism attd 
Preventive 
Atherosclerosis, and 
Medical Research 
Laboratories, 
Cincinnati, Ohio 
45219, VSA 
^Lipid Research 
Centett Laval 
University Hospital 
Medical Research 
Center, Quebec, 
Canada GIV4G2 

Praent address for 
M.C., SSK K.K., 
;,F.£ &J.M.W.: 
Institute for Human 
Cene Tlierapy, 
University of 
Pcnnsyhmia, 
Wistar Institute, 
Room 204, 3601 
Spruce Street, 
Phiiaddphia, 
Pmtsylvania 
19104-4268, USA 

Correspondence 
should be addressed 
toJM,W, 



An ex vivo approach to gene therapy for familial hypercholesterolaemia (FH) has been 
developed in which the recipient is transplanted with autologous hepatocytes that are 
genetically corrected with recombinant retroviruses carrying the LDL receptor. We 
describe the treatment of a 29 year old woman with homozygous FH by ex vivo gene 
therapy directed to liver. She tolerated the procedures well and in situ hybridization of 
liver tissue four months after therapy revealed evidence for engraftment of transgene 
expressing cells. The patient's LDLAIDL ratio declined from 10-13 before gene therapy 
to 5-8 following gene therapy, improvements which have remained stable for the 
duration of the treatment (1 8 months). This represents the first report of human gene 
therapy in which stable correction of a therapeutic endpoint has been achieved. 



Familial hypercholesterolaemia (FH) has emerged as 
an important model for the development of human 
gene therapies'. This disorder, caused by inherited 
deficiency of LDL receptors, is associated with severe 
hypercholesterolaemia and premature coronary artery 
disease'. The homozygous form of FH is an excellent 
candidate for early applications of gene therapy because 
it is a lethal disorder that is refractory to conventional 
therapies. Measurement of scrum Lipid profiles 
provides a convenient and clinically relevant endpoint 
to evaluate response to therapy, and orthotopic liver 
transplantation has been shown to correct the 
underlying dyslipidemia indicating that hepatic 
reconstitution of LDL receptor expression is sufficient 
for metabolic correction". 

The original paradigm for liver-directed gene therapy 
was based on transplantation of autologous hepatocytes 
geneticallymodified exvivowith recombinant retroviruses. 
The efficacy and safety of this approach for treatment of 
FH has been demonstrated in a variety of animal models. 
A strain of rabbits genetically deficient in LDL receptors, 
called the Watanabc Heritable Hyperlipidemic (WHHL) 
rabbit* was used to demonstrate the potential efficacy of 
ex vivo gene therapy. Analysis of recipient animals 
demonstrated stable engraftment of genetically modified 
hepatoqtes andpersistent reductions in serum cholesterol 
for the duration of the experiment — 6.5 months^ 
Experiments in larger animals including dogs and baboons 
documented the feasibility and safety of ex vivo gene 
therapy directed to the liver". Jnsimhybridization analysis 
of liver tissue from baboons harvested 1.5 years after gene 
therapy demonstrated stable engraftment of transgene 
expressing hepatocytes, providing further support for the 
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efficacy of this therapy (unpublished data). 

Based on the encouraging results obtained in animal 
models, we proposed a clinical protocol to treat FH 
homozygous patients with ex vivo gene therapy. We 
received permission from the US Recombinant DNA 
Advisory Committee (RAC) and the US Food and Drug 
Administration to treat three patients who had developed 
overt coronary artery disease and therefore would have a 
poor prognosis. Our experience with the first patient, 
described here, supports the efficacy and safety of liver- 
directed ex vivo gene therapy in humans. 

First recipient of liver-directed gene therapy 
The first clinical application of liver-directed gene therapy 
in humans used the ex vivo approach in a patient with 
homozygous FH. Although we were allowed to treat FH 
patients of any age, the RAC suggested that we enroll an 
adult as the initial patient to simplify the informed consent 
process. Patient FHl underwent gene therapy on June 5, 
1992. This French Canadian woman, who at the time of 
gene therapy was 28 years old, had a myocardial infarction 
at the age oil6 and required coronary artery bypass at the 
age of 26. Her dyslipidemia — which at baseline included a 
total serum cholesterol concentration of 545 mgdl"' , LDL of 
482 mg dl"' and HDL of 43 mg dl-^ — was refractory to 
treatment with a variety of drugs including HMG CoA 
reductase inhibitors andbile acidbindingresins. Genotype 
analysis indicated she was homozygous for a missense 
mutation (Trp66GIy, exon 3) that renders the LDL receptor 
uicapable of binding to its ligands^. Cardiac evaluation 
performed prior to gene therapy revealed failure of one of 
her grafts and diffiise disease in her native coronary 
arteries, however, she was not overdy symptomatic. 
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Fig. 1 Strategy of 
ex vivo gene 
therapy for 
familial 

hypercholesterol' 




Hdpatocytes 



Transduce with 
human LDL receptor^ 
retrovirus (day 2) 



Harvest 
hepatocytes 



Ex vivo gene therapy to liver is feasible and safe 
The clinical protocol approved by the RAC has been 
published"; the general strategy is summarized in Fig. 1 . 
The left lateral segment of the patient's liver, comprising 
approxim ately 1 5% of its total mass, was removed through 
a left subcostal incision. A 9.6 fr Hickman catheter was 
inserted into her inferior mesenteric vein, and the distal 
end of the catheter was brought through her incision 
thereby providing convenient access to the portal 
circulation for subsequent cell infusions. The resected 
liver, weighing 250 g, was perfused 
with collagenase to release 
hepatocytes; 3.2 x 10' cells were 
recovered (98% viability) and seeded 
into 800 10 cm^ plates. Medium 
containing the LDL receptor 
expressing recombinant retroviruses 
was placed onto the cultured 
hepatocytes 48 hours after the initial 
seeding. Followinga 1 2-1 8 h exposure 
to virus, the cells were analysed for 
LDL receptor expression and 
harvested for transplantation; 2x10' 
viable cells were recovered from the 
plates by treatment with trypsin. 
Incubation of the transduced cells 
witli fluorescent labelled LDL revealed 
uptake in approximately 20% of the 
cells exposed to the LDL receptor 
expressing virus and no uptake in 
duplicate plates of cells not exposed 
to virus (Fig. 2). 

Prior to infusion of the cells, a portal 
venogram was performed to confirm 
the placement of the catheter and 
patency of the portal circulation (Fig. 
3fl). The genetically corrected 
hepatocytes were harvested in three 



aliquots and each aliquot was manually infused at 4 h 
intervals directly into the catheter over a 30 minute period 
(a rate of --2 cc min"'). During the cell infusions the 
patient was carefully monitored in the intensive care imit; 
her vital signs measured during this time are presented in 
Fig. 4. She tolerated the cell infiisions well except for a 
transient tachycardia early in the day, thought to be 
secondary to anxiety, and fevers that were present before 
cell infusion which resolved subsequently. 
One concern was the potential development of portal 




Fig, 2 Expression of recombinant LDL receptor in primary hepatocytes. Primary 
cultures of hepatocytes were infected with recombinant retroviruses and 
analysed for LDL receptor expression using an assay based on uptake of 
fluorescent labelled LDL Mock infected cells visualized under the phase 
contrast (a) and fluorescent microscope {b), and LDL receptor transduced cells 
visualized under the phase contrast (c) and fluorescent microscope (d) are 
presented. Magnification, 100x. 
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Fig. 5 \n situ hybridization of liver 
tissue after gene therapy. Liver tissue 
(50 mg] was harvested by 
percutaneous biopsy four nrionths 
after gene therapy. The majority of the 
sample was fixed, embedded, 
sectioned and analysed by light and 
electron microscopy for evidence of 
pathology, A small block was 
analysed for cells expressing 
recombinant LDL receptor by in situ 
hybridization. Tissue sections were 
hybridized with the sense probe (a 
and b) or antisense probe (c and cf) 
and visualized by bright field (left 
panels) and dark field (right panels) 
microscopy. The clustering of signal 
seen in panels c and d indicates a cell 
that hybridized to the antisense 
probe. Magnification, 50x. 



ex vivo liver-directed gene therapy demonstrated marked 
regional variation of recombinant LDL receptor expressing 
cells within large biopsies of liver, illustrating the 
limitations in quantitatively assessing engraftment from 
the small quantity of tissue sampled from a percutaneous 
biopsy (unpublished data). 

The effect of gene therapy on the patient's lipid profiles, 
presented as ALDL, AHDL and LDL/HDL ratio, is 
presented in Fig. 6; Table I summarizes the lipid data with 
relevant statistical analyses. The patient has been followed 



for 18 months after gene therapy in the context of four 
treatment periods: pre gene therapy — on (period A) and 
off (period B) lovastatin; and post gene therapy — off 
(period C) and on (period D) lovastatin. The original 
protocol was designed to establish baseline lipids when 
the patient was off all lipid lowering medications and to 
reinitiate pharmacologic therapy four months after gene 
therapy. This initial analysis allowed comparisons between 
periods B, C and D. 
Blood samples were coded and submitted to a reference 



Fig. 6 Lipid profiles. The study was 
performed using three treatment 
periods. Period B spans 8 days 
immediately prior to gene therapy 
during which 7 lipid profiles were 
obtained. Period C represents a 131 
day interval after gene therapy before 
she was started on lovastatin during 
which 19 lipid profiles were obtained. 
Interpretation of data obtained 8 days 
following gene therapy was 
confounded because of additional 
effects on lipids of the stress of the 
procedure and decreased nutritional 
intake; these data were deleted from 
the analysis of Period C. Period D 
represents a 15 month interval 
following Period C during which the 
patient was treated with lovastatin. 
Data obtained during a 30 day period 
after initiation of lovastatin was not 
included in analysis of Period D to 
allow for the effect of the drug. Data 
are presented as ALDL and Aapo B 
(top panel); AHDL and Aapo Al (middle 
panel); and LDL^DL ratio (bottom 
panel). Three treatment periods are 
indicated: period B — pre-gene 
therapy, off medications; period C — 
post-gene therapy, off medications; 
and period D — post-gene therapy, 
on lovastatin. 
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Table 1 Summary of lipid profiles for patient FH1 





Pre-gene therapy 


Post-gene therapy 


Statistical comparisons 




+Lovastatin 


-Lovastatin 


-Lovastatin 


+Lovastatln 




(p values) 






period A 


period B 


period C 


period D 


B-C 


C-D 


A-D 


Cincinnati ref. lab. 
















LDL 




482 + 19(7) 


404 ±24 (19) 


356 ± 22 (27) 


0.0001 


0.0001 




HDL 




43 ± 3.4 (7) 


51.4 + 5.9 (19) 


54 + 5 (27) 


0.0014 


0.10 




LDUHDL 




11 ±1.0 (7) 


7.9 + 0.9 (19) 


6.6 ± 0.6 (27) 


0.0001 


0.0001 




apoAl 




115 + 12(7) 


121 ±11 (18) 


130 + 9(24) 


0.22 


0.006 




apoB 




352 ±23 (7) 


299 ±30 (18) 


260 ± 23 (24) 


0.0004 


0.0002 




Quebec ref. lab. 
















LDL 


448 ±30 (6) 






366 ±25 (7) 






0,0001 


HDL 


44.5 i 4.1 (6) 






47.6 ±4.1 (7) 






0.16 


LDUHDL 


10.2+1.0(6) 






7.6 ±0.6 (7) 






0.0001 



All samples represent mean ± 1. s.d. with r7=rn umber of deternilnations. Statistical analyses perfonned as described In the 
text. 



laboratory in Cincinnati for analysis. Serum LDL dropped 
by 180 mg dl"^ immediately after cell infusion and regained 
a new baseline that was 17% lower than pre treatment 
levels (482±I9 before therapy versus 404 ± 24 after 
therapy, p=0.0001). Coincident with the diminution in 
LDL was an increase in HDL from 43 ± 3.4 to 51.4 ± 5.9 
(p=0.00 1 4) that translated to a decline in LDL/HDL ratio 
from II ± 0.4 to 7.9 ± 0.9 (p=0.0001). The mechanism(s) 
responsible for increased HDL following gene therapy 
remain unexplained, however, similar effects have been 
described in FH homozygotes who underwent orthotopic 
liver transplantation". Liitiation oflovastatin four months 
after gene therapy was associated with further 
unprovements in this patient's dyslipidemia including a 
reduction in LDL (404 ± 24 to 356 ± 22, p=0.0001), 
increase in HDL (5 1 .4 ± 5 .9 to 54 ± 5> p=0. 1 0 ) , and decline 
in LDL/HDL ratio (7.9 ± 0.9 to 6.6 ± 0.6, p=0.0001). The 
changes in LDL and HDL noted in each treatment period 
were associated with parallel and equally significant 
changes in apo B and apo AI, respectively (Table landFig. 
6). 

An attempt was made to evaluate further the effect of 
gene therapy using lipid profiles that were obtained in 
Quebec during period A, spanning a two year interval 
from Feb. 1990-Dec. 1991; during this time the patient 
was treated with lovastatin in a single drug regimen at 
approximately the same dose she has been taking during 
period D (that is, following gene therapy). Additional 
samples were obtamed during period D and analysed by 
the same reference laboratory in Quebec that was used to 
measure the patient'slipids in 1990-91. Direct comparison 
of the patienfs lipids on lovastatin before and after gene 
therapy revealed a diminution in LDL from 448 ± 30 to 
366 ± 25 {p=0.000 1 ), a modest increase in HDL from 44.5 
± 4.1 to 47.6 ± 4.1 (p'='0.16), and a decline in LDL/HDL 
ratio from 10.2 ± 1.0 to 7.6 ± 0.6 (p=0.0001). 

Discussion 

FH represents a unique model for developing and 
evaluadng the principle of liver-directed gene therapy in 
humans. This fatal disease is easily evaluated for 
reconstitution of hepatic gene expression by serial 
measurements of serum lipids which are considered 
relevant endpoints for clinical efficacy. Critical to the 
early development of this clinicalmodel was the availability 



of an authentic animal model, the WHHL rabbit. 

Ex vivo approaches to liver- directed gene therapy 
emerged as the initial paradigm for treating hepatic 
metabolic diseases such as FH. In this strategy, stable 
reconstitution of hepatic gene expression can be achieved 
by transplanting hepatocytes transduced ex vivo with 
retroviruses. The development of safe and effective exvivo 
gene therapies to liver presents unique experimental 
challenges. Ex vivo correction of the defect is complicated 
because the target cell for gene transfer, the hepatocyte, 
must be Isolated from surgically resected tissue and it 
cannot be maintained and expanded in culture. The 
ultimate success of this approach depends on the efHcient 
and stable engraftment of the transduced cells and their 
progeny. The likelihood that this will occur with 
transduced hepatocytes is difficult to predict because of 
the paucity of information available regarding stem cells 
and lineage in the liver, and ultimately must be answered 
experimentally. Clinical application of this form of gene 
therapy was further confounded because it does not 
resemble existing forms of therapy as is the case with bone 
marrow directed gene dierapy, which conceptually is a 
modification of a commonly used therapy, autologous 
bone marrow transplantation. However, there should be 
no immunological barriers associated with ex vivo gene 
therapy other than the problemof an immune response to 
the therapeutic gene product, a potential concern that is 
generic to all forms of gene therapy for deficiency states. 
A variety of animal models, in addition to the WHHL 
rabbit, have been useful in developing the requisite 
technology and providing sufficient preclinical studies to 
justify a human trial*''''''*. 

The outcome of our first clinical experience supports 
the safety and feasibility of ex wVo gene therapy directed to 
liver. Molecular and metabolic data suggest that the 
genetically modified hepatoc}^es have engrafted stably in 
this patient and continue to express the recombinant gene 
(after at least 1 8 months). Thelevel of metabolic correction 
achieved in this patient was similar to that detected in the 
WHHL rabbits who received autologous genetically 
corrected hepatocytes". In this animal model, control 
experimentsperformedwithmocktransfectedhepatocytes 
hadnoefFectoncholesterolexceptforatransientelevation 
suggesting that the penistent diminution in lipoproteins 
observed in FHl was not an artefact of the surgical 
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procedures but due to expression of the recombinant 
gene. Subsequent to gene therapy, the patient's serum 
lipids consistendy remained at levels significantly lower 
than those measured by at least two reference laboratories 
over several years before gene therapy. It is unclear, 
however, whether the partial correction of 
hypercholesterolaemia achieved in this patient will 
translate to improved clinical outcome. It is encouraging 
that she tolerated gene therapy well without short or long 
term sequelae and that her coronary artery disease, as 
documented by serial angiography, has not progressed 
during the 18 months since the treatment (data not 
shown). 

The response of this patient to lovastatin following gene 
therapy is interesting given that she ^iled to respond to 
this drug on multiple occasions prior to gene therapy, 
Lovastatin is thought to deplete intracellular cholesterol 
which leads to up regulation of LDL receptor expression^ 
probably at the transcriptional level". The recombinant 
LDL receptor gene does not contain the transcriptional 
elements necessary to confer cholesterol mediated 
regulation suggesting the response to lovastatin is unrelated 
to the recombinant gene or that its effect is in part mediated 
byposttranscriptional regulation of LDL receptor. This is 
consistent with previous studies that indicate the 
endogenous LDL receptor gene is regulated at both a 
transcriptional and posttranscriptional manner'^ 

One potential concern about gene therapy for diseases 
caused by loss of gene function is that the protein product 
of the therapeutic gene will be recognized by the recipient 
as a neoantigen leading to an immune response against 
the genetically corrected cells. Several observations suggest 
this did not occur in FHl . Western blot analysis of the 
patient's sera failed to detect antibodies to the recombinant 
human LDL receptor protein (data not shown). Also, 
there was no clinical or pathological evidence for 
autoimmune hepatitis following gene therapy. It will be 
interesting to see if similar results are obtained in FH 
patients undergoing gene therapy who have mutations 
that totally ablate LDL receptor protein expression as 
opposed to the mutation in PHI that leads to theexpression 
of a dysfunctional protein^. 

Our study demonstrates the feasibility, safety and 
potential efficacy of ex vivo liver-directed gene therapy in 
humans and supports the initial h>'pothesis that selective 
reconstitution of LDL receptor expression in hepatocytes 
of FH homozygotes should be sufficient for metabolic 
improvement. This represents the first example of stable 
correction of a therapeutic endpoint by gene therapy, in 
contrast to clinical trials that require repeated 
administration of short-lived target cells such as 
lymphocytes for treatment of adenosine deaminase 
deficiency. Translation of this technology to the treatment 
of other lethal liver metabolic diseases (such as, ornithine 
transcarbamylase deficiency) should proceed rapidly if 
the principle of ex vivo liver-directed gene therapy is 
confirmed in a larger number of homozygous FH patients. 
Ultimately, a more effective and clinically practical 
approach to liver directed gene therapy, based on in vivo 
gene delivery, must be developed. Gene transfer 
technologies using recombinant adenoviruses, liposomes 
and molecular conjugates have shown promising results 
in animalmodels'*"". Problems with efficiency and stabilit)* 
of recombinant gene expression as well as destructive 
and/orbiockingimmuneresponses to the delivery vehicles 



or genet ically modified cells must be overcome before the 
potential of in vivo approaches can be realized. 

Methodology 

Surgical procedures. During the procedure and for ihe first three 
postoperaiivc days the patient was carefully monitored with a 
pulmonary arterial catheter and radial arterial line. Fonowing 
induct ion of anesthaesia, the left lobe of the liver was exposed by a left 
subcostal incision which was extended up the midline to the xiphoid. 
A self- retaining retractor was used to retract the costal margin. The 
left triangular I igamen t was divided to the level of the left hepatic vein 
from lateral to medial. A rubber- shod, non -crushing intestinal 
bowel cla mp was tested for fit just to the left of the falciform ligament 
The cinmp was applied and using a scalpel, the liver surface was 
rapidly transected (<90s) andtransferrcd to thchuman applications 
laboratory for cell isolation. Bleeding from the cut hepatic vein was 
easily controlled with direct pressure until surgical hemostasis was 
applied. Thecut ends of the portal vein and hepatic vein were sutured 
with 5-0 running non-absorbable monofilamem. The open sur&ce 
of the liver was controlled with 3-0 silk interlocking vertical mattress 
sutures placed in the liver tissue protruding from the clamp. Once 
haemostasis was achieved, the clamp was removed and individual 
bile ducts or blood vessels were ligated with additional 3-0 silk 
sutures. The inferior mesenteric vein was identified at the 
paraduodenal fossa. The vein was sharply dissected for a distance of 
3 cm and individual branches were ligated with5-0silk ligatures. Silk 
tics (2-0) were placed at either end of the dissected vessel, and the 
ligature placed at the end of the vein nearest to the colon was tied A 
9.6 Fr. Hickman-type catheter was brought obliquely through the 
abdominal wall about 3 on below the lateral aspect of the incision 
and secured in place with a 3-0 nylon stitch. The catheter was 
trimmed to the correct length, a bevel was placed at the cut end to 
facilitate insertion, and the catheter was primed with heparinized 
saline ( 100 U ml '). A venotomy was made with a number 1 1 scalpel 
blade. The ideal location for catheter placement is the confluence of 
the inferior mesenteric vein and the splenic vein, a position that was 
identified by palpation. The catheter was secured by tying the 
ligature nearest the portal vein around the inferior mesenteric vein 
making sure not to occlude the catheter. A 3-0 chromic suture was 
tied around the inferior mesenteric vein and the outside of the 
catheter to further protea against premature dislodgcmenl (see Fig. 
1 ). A final inspection of the cut surface of the liver was made and the 
liver bed was drained with a closed suction drainage catheter to 
remove any residual bile or serum. The wound was closed in two 
fascial layers with a running absorbable monofilament suture. The 
skin was dosed with interrupted subcuticular 4-0 chromic sutures 
and surgical tapes. 

Prepa rat ion of virus and isolation of hepatocytes. The recombinant 
retrovirus used in this study has been de5cribed^ A full length hu man 
LDL receptor cDNA is expressed from a chicken p- act in promoter in 
combination with an enhancer from the immediate early gene of 
cytomegalovirus. The cell line that produced this virus, called 132- 
10, was characterized in accordance with recommendations of the 
RACand the FDA. Supematants containing the LDL receptor viruses 
were cryopreservcd and aliquots were analysed for the presence of 
contaminants and replication competent virus. Certified lots of 
cryoprcserved virus were used in the clinical trial. 

Hepatocytes were isolated by collagenase perfusion, plated in 
culture and infected with retroviruses as described previously". 
Plates of cells were infected with virus from J 32- 10 (LDL receptor 
virus) and analysed for LDLreceptor expression using the previously 
described assay; cells were incubated in RPMI 1640 medium 
con laining lipoprotein deficient serum ( 10%) and fluorescent labelled 
LDL ( 1 0 pg ml"') for 4 h". Following completion of this incubation, 
the medium was removed, and the cells were washed in PBS and 
visualized under the fluorescent microscope. In preparation for 
transplantation, hepatocytes were removed from the plates by 
incubation with trypsin and w'ished extensively in RPMI 1640. 
Hepatocytes were harvested in three batcheseach of which contained 
cells recovered from one third of the total prep. Each batch was 
washed and rcsuspended in normal saline (50 ml) containing 10 U 
ml*' of heparin in preparation for infusion. 

Analyses of biopsied Ihrcrtissue. The tissue block for fMsif« analysis 

*» . . I .. . *- ,....U*MA 



article 



was frozen in OCT. and cryosections (6 ^iM) were mounted on 
gelatin poly{L-lysine)-coated sides and fixed with .4% 
paraformaldehyde in phosphate buffered saline'^. Sections were 
hybridized to a **S labelled RNA probe complementary to retroviral 
envelope sequences that are uniquely present in the 3' untranslated 
region of the recombinant derived LDL receptor RNA*. Sense probes 
and RNAsepreireatmeniwith antisense probes were used as controls 
for hybridization specificity. . 

Analysis of metabolic parameters. Blood samples were obtained, 
coded and sent to reference laboratories in Cincinnati and Quebec 
fordeiermination oflipid profiles. LDLcholesterol, HDL cbolesterol, 
Apo A I and ApoB were measured direcdy using previously published 
techniques. Differencesin LDL, HDL and LDL/HDLprofiles obtained 
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